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can  be  obtained  both  for  small,  mobile  users 
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PREFACE 


This  report  was  prepared  for  the  Military  Satellite  Conununications 
Systems  Office  (MSO)  of  the  Defense  Communications  Agency  as  the  final 
report  on  a study  entitled  "Feasibility  of  Military  Satellite  Communi- 
cations at  Frequencies  Above  8 GHz  for  Mobile  and  Wlde-Band  Data  Relay 
Users."  It  follows  an  earlier  Rand  project  for  the  same  agency  entitled 
"Advantages  of  Frequencies  Above  8 GHz:  An  Overview." 

These  two  projects  for  the  Defense  Communications  Agency  grew  out 
of  a Rand-supported  study  entitled  "A  New  Approach  to  Millimeter-Wave 
Communications,"  described  in  Rand  report  R-193b-RC. 

The  current  report  presents  estimates  of  the  degradation  of  per- 
formance of  millimeter-wave  links  due  to  atmospheric  effects  in  a new 
way  and  dr;iws  consequent  implications  for  the  design  of  future  systems. 
This  Information  should  be  useful  to  designers  of  future  communications 
satellite  systems  in  the  20  to  300  GHz  frequency  region  for  a wide  di- 
versity of  users. 
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SUMMARY 


This  report  examines  the  feasibility  of  using  frequencies  above 
8 GHz  for  military  satellite  communications.  Because  communications 
degradation  resulting  from  atmospheric  effects  (due  to  humidity,  clouds, 
and  rain)  is  the  main  limitation  to  the  use  of  the  higher  frequencies, 
much  of  the  report  is  devoted  to  the  development  of  a model  for  the 
statistical  distributions  of  signal  attenuation,  of  sky  noise  tempera- 
ture, and  of  total  atmospheric- induced  degradation  in  link  performance, 
as  a function  of  frequency  and  elevation  angle.  The  model  is  then 
applied  to  a few  hypothetical  communications  links  to  estimate  the  sta- 
tistical distribution  of  outages  due  to  weather  as  a function  of  data 
rate  and  other  system  parameters.  The  model  was  developed  for  Wash- 
ington, D.C.  (a  region  with  relatively  high  rainfall),  but  could  be 
extended  to  any  location  where  weather  data  are  available.  The  per- 
formance estimates  were  made  for  the  downlink  (even  when  the  specific 
frequency  has  been  allocated  for  uplink  use)  because  it  is  usually 
limiting. 

No  attempt  was  made  in  this  study  to  evolve  an  optimal  communica- 
tions system;  rather,  the  basic  effort  was  to  examine  the  effects  of 
varying  a number  of  key  parameters  through  a wide  range. 

Six  frequencies  are  considered  in  this  analysis — one  in  each  of 
six  bands  allocated  for  satellite  communications  use.  The  frequencies 
(21.2,  31,  48,  101,  152,  and  265  GHz)  were  selected  at  the  positions 
in  their  respective  bands  at  which  atmospheric  degradation  is  most 
severe.  The  performance  was  estimated  for  elevation  angles  (at  the 
user)  of  10,  30,  45,  and  90  deg.  A satellite  altitude  of  30,000  n mi 
was  assumed  in  all  cases,  for  reasons  discussed  later  in  this  summary. 

Two  types  of  users  were  considered — small  mobile  users  and  wide- 
band data  relay  users.  To  accommodate  a large  number  of  mobile  users 
located  on  small  platforms  (e.g. , small  ships,  small  aircraft,  and 
land  vehicles),  very  small  (10-cm  diameter)  terminal  antennas  were 
postulated.  The  wlde-band  data  relay  users  were  assumed  to  employ 
10-m  diameter  antennas.  This  range,  from  10  cm  to  10  m,  is  expected 
to  bracket  the  terminal  antenna  diameters  that  will  be  of  Interest  in 
future  military  communications  satellite  systems.  " " 7' 
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To  estimate  the  practicality  of  using  higher  frequencies,  the 
atmospheric  degradation  model  was  applied  to  four  specific  cases — two 
for  each  type  of  user.  In  each  case,  the  link  availability  as  limited 
by  atmospheric  degradation  was  estimated  as  a function  of  elevation 
angle,  data  rate,  and  frequency  for  the  selected  values  of  the  satel- 
lite and  terminal  antenna  diameters.  Illustrative  results  for  each  of 
the  four  cases  appear  in  the  following  table. 

In  making  these  performance  estimates,  we  assumed  a transmitter 
power  of  10  W,  an  antenna  efficiency  of  0.56,  and  a system  margin  of 
8 dB.  When  either  user  employed  an  uncooled  receiver,  a value  of  10 
was  assumed  for  E^/N^,  the  ratio  of  the  energy  per  bit  to  the  noise 
power  density.  Because  the  wide-band  data  relay  user  has  a much  more 
elaborate  installation  than  the  mobile  user,  the  option  of  using  a 
cooled  receiver  and  a more  complex  modem  was  also  considered.  In  this 
case,  coherent  modulation  permits  adequate  performance  with  an  Ej^/Nq 
of  5 dB. 

The  illustrative  results  in  the  table  show  that  practical  data 
rates  for  small  mobile  users  with  uncooled  receivers  can  be  realized 
with  only  a 10-cm  diameter  terminal  antenna.  When  the  satellite  an- 
tenna diameter  is  held  constant  at  4.4  m (Case  I-A) , a data  rate  of  10^ 
bps  (sufficient,  for  example,  to  provide  a 16  kbps  digital  voice  channel 
to  each  of  60  users  when  Time  Division  Multiple  Access  is  employed)  is 
realized,  with  availabilities  ranging  from  98.7  percent  at  21.2  GHz  to 
89  percent  at  265  GHz. 

Footprint  width  is  important  as  a measure  of  the  area  served  by  a 
single  beam  (which  serves  a cluster  of  users),  as  a measure  of  the  de- 
gree of  frequency  reuse  per  satellite,  and  as  a measure  of  the  mutual 
interference  problem.  These  issues  depend  on  a particular  system  con- 
cept and  antenna  design,  and  are  beyond  the  scope  of  this  study.  The 
footprint  width  of  the  beam  on  the  earth  decreases  with  increasing  fre- 
quency, as  indicated  in  Case  I-A.  When  the  footprint  width  is  held 
constant,  as  In  Case  I-B,  the  associated  satellite  antenna  diameter  de- 
creases with  Increasing  frequency,  leading  to  a more  rapid  decrease  in 
data  rate  per  beam  with  increasing  frequency.  This  disadvantage  is, 
however,  counteracted  by  the  advantage  that  a larger  number  of  (the 
smaller)  satellite  antennas  can  be  mounted  in  the  same  total  aperture 
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when  higher  frequencies  are  employed.  Thus,  at  265  GHz,  158  antennas 
could  be  mounted  in  the  aperture  completely  occupied  by  a single  21.2 
GHz  antenna,  giving  the  same  footprint  width. 

With  a 10  m antenna,  the  wide-band  data  relay  user  is  able  to 
achieve  reasonable  availabilities  while  communicating  at  10®  bps  with 
.an  uncooled  receiver  (Case  II-A) , and  at  10®  bps  with  a cooled  receiver 
(Case  II-B). 

The  model  indicates  that  the  performance  degrades  rapidly  as  the 
elevation  angle  at  the  user  falls  below  30  deg,  especially  at  higher 
frequencies.  Thus,  for  example,  in  Case  I-A  it  was  found  that,  with 
an  availability  of  98  percent,  the  estimated  data  rate  at  30  deg  ele- 
vation exceeds  that  at  10  deg  elevation  by  a factor  ranging  from  4 at 
21.2  GHz  to  3000  at  265  GHz.  It  is  clear  that,  for  communications 
systems  which  must  operate  during  rain,  the  higher  the  frequency  the 
more  important  it  is  to  avoid  elevation  angles  below  30  deg.  This  can 
be  accomplished  by  putting  satellites  in  inclined  orbits  rather  than 
in  geostationary  orbits.  Operation  at  elevation  angles  above  30  deg 
has  the  additional  advantage  of  negligible  atmospheric  scintillation, 
decreased  vulnerabllitv  to  detection,  interference,  and  jamming,  and 
decreased  blockage  by  surrounding  objects  such  as  terrain  features  and 
ship  masts.  Inclined  orbits  also  have  the  advantage  that  they  can  pro- 
vide full  earth  coverage.  A number  of  satellite  constellations  were 
examined  to  determine  their  ability  to  provide  continuous  worldwide 
coverage  with  elevation  angles  above  30  deg.  It  was  found  that,  for 
example,  a constellation  of  nine  satellites  in  circular  orbits  at 
30,000  n ml  altitude  (60  deg  inclination)  provided  elevation  angles 
above  30  deg  an  average  of  99.7  percent  of  the  time  to  observers  any- 
where on  earth.  The  desirable  features  of  this  constellation  led  to 
the  30,000  n mi  altitude  in  the  illustrative  example. 

The  length,  width,  and  area  of  the  beam  footprint  on  the  earth's 
surface  were  calculated  as  a function  of  elevation  angle,  satellite 
altitude,  and  beamwidfh.  The  Illuminated  area  is  nearly  elliptical 
until  the  edge  of  the  earth  is  approached,  and  approximately  doubles 
as  the  elevation  angle  decreases  from  90  deg  (overhead)  to  30  deg. 

The  tradeoff  between  complexity  on  the  satellite  and  a^t  the  user 
terminal  (while  maintaining  constant  link  performance)  is  examined, 
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I'art  till  l.ir  Iv  as  it  rolatfs  to  t lu*  autonna  si/a-s  at  t tu>  two  oiids  of  the 
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sion  It'ss  it'iilv  10  poroont  t'vor  .i  pass-b.nui.  whioh  is  st'lt't  tod  bv  iIuh's- 
itift  a momlir.ino  thit'knoss). 

Mnlti-bo.im  .intonn.is  sin  b .is  pbasi'd  .irravs,  it' t 1 ot' t t'rs  , .nul  It-nsi's 
,irt'  tiisonssod.  rii.ist-d  .irravs  .iro  t I'o  lio.ivv  .ind  tv'v'  ot'stlv  in  t ho  milli- 
motor-w.ivo  b.ind  to  bo  ot'iis  i iK-rod  .it  .ill.  I'lio  t'tlu'i  .ipprt'.iolu's  t i-iul  ti' 
rosnlt  in  high  sidolobo  lovols.  Whilo  snit.iblt-  fi'r  .u  tiuisit  itui.  thoso 
antonn.is  pormit  t'lily  limitod  tl.it.i  r.itt's  in  tho  prost'nt-o  t't'  i nt  or  t t'ronot' . 
Kt'r  oorinuinio.it  Ing  .it  liigh  d.it.i  r.itos.  intort'oring  sonroos  t'.in  bo  rojootod 
bv  .id.ipt  ivo  p.ittorn  imil  l-ti'i'ming)  antonn.is  and  bv  s ign.i  l-o.nu-o  1 1 ing 
sohonios.  .M  t orn.it  ivo  1 V , .in  .intonn.i  "l.irm”  t't  oonio.il,  lu'rn-t'i'ii , sliioldod 
p.ir.ibi'lio  singlo-bo.im  .intonn.is  m.iy  bo  t-mplovod.  Tlu'St'  o.in  pri'dnot'  t.ir- 
I .it  sidolobos  whioh  .iro  SO  db  boli'W  t lu'  po.ik  ot'  tlio  m.iin  bo.im  ttd'r  m.iln 
bo.im  g.iins  in  oxooss  ot  sO  db)  . 
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The  many  attractive  features  that  justify  the  consideration  of 
frequencies  above  8 GHz  for  military  earth-satellite  communications 
(MII.SATIXIM)  systiMns  have  been  examined  In  detail  In  two  Rand  study 
projects  for  the  Defense  Communications  Af;encv.  These  higher  fre- 
quencies offer  relief  from  many  of  the  problems  faced  by  current  MTl,- 
SATCOM  systems,  which  operate  at  UHF  (22“)  to  400  MHz)  and  SHF  (7  to  8 
GHz),  as  discvissed  below. 

ADVANTAGKS  OF  UKHIFR  FRF.qUF.NCY  orFRATf  ON 

The  bandwidth  available  for  MII.SATCXIM  use  In  the  lower  frequencv 
bands  Is  Inadequate,  which  has  led  to  severe  frequencv  manaRcment  prob- 
It'ms.  Furthermore,  these  problems  are  apt  to  become  much  worse,  be- 
cause the  demands  for  spectrum  allocation  are  p,rowlnp,.  At  the  higher 
frequencies  considered  In  this  study  (20  to  2b'j  GHz),  the  available 
bandwidth  is  larger  than  in  the  7 to  8 GHz  region  bv  a factor  ranging 
from  2 (In  the  20  to  30  GHz  band)  to  30  (in  tlu*  2S0  to  2bS  GHz  band). 
TIu-se  wide  regions  are,  moreover,  presently  unassigned.  Wlde-band  data 
ri'lav  users  typical  Iv  require  data  rates  of  10^  to  10'^  bits  per  second 
(bps).  F.qulpmi'nt  operating  at  lO''  bps  and  having  an  anti  jam  capabllltv 
has  been  demonst r.U  ed  in  the  laboratorv;  if  these  users  could  be  moved 
to  t ht'  higher  frequencv  bands,  thev  wi'ulii  enjov  a grt'ater  available 
bandwidth,  while  leaving  behind  mori'  room  for  moblli*  users. 

Systems  operating  at  UHF  and  SHF  are  probablv  susceptible  to  jam- 
ming bv  a determined  enemy  operating  from  a sanctuary.  Tlie  narrv’Wt'r 
beams  I'btalnable  (wltli  t lie  same  antenna  size)  at  the  higlier  freipiencies 
greatly  iiu'n’ase  jam  r«'s  1st  .inci’  and  covertness  and  alU-vlate  problems 
of  Interference. 

Althougli  obtained  at  the  cost  of  weather- Induced  outages,  the  mag- 
nitudes of  improvemt'ut  at  the  lilgher  frequencies  are  Impressive.  It 
Is  therefore  Important  to  carefully  examine  their  feasibility  in  satel- 
lite communications  systems,  the  purposi'  of  the  present  stiuiv.  A tech- 
nology level  is  assumed  that  could  be  feasible  during  the  next  10  to 


10  vi'ars.  Both  f i xi>d  (widi'-band  data  relay)  and  grouiul  (ground  t rans- 
portabli',  ground  vehicle,  ship,  and  aircraft)  users  are  considered. 
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Althoiigh  weather- Induct'd  outages  fall  <'ff  rapidly  with  Increasing  air- 
craft altitude,  the  present  study  treats  the  worst  case — the  aircraft 
are  assumed  to  he  "on  the  deck." 

ATMOSPHEKIC  EKKIXT.S 

Because  the  primary  factor  In  determining  the  feasibility  of  em- 
ploying higher  frequencie.s  In  satellite  communications  systems  Is  the 
performance  degradation  associated  wK.i  atmospheric  effects  (weather), 
much  of  our  study  has  been  devoted  to  this  subject.  C.alculat  Ions  were 
limited  to  the  downlink,  since  this  link  usually  limits  system  perfor- 
mance. The  specific  frequency  bands  considered  are  listed  in  T.ible  1. 


Table  1 

FREQUENCY  BANDS  USED  TO  DERIVE  OUTAGE  STATISTICS‘S 


Type  of  User 

Frequency  (GHz) 

Downl Ink 

Up  1 ink 

Fixed  (wide-band  data  relay) 

20.2  - r.i.r. 

30  - 31 

102  - 105 

92  - 95 

ISO  - is:: 

140  - 142 

220  - 2 '30 

220  - 230 

Mob  1 1 e' 

20.2 

4?  I 

30 

43 

■IS 

9S 

Wl 

142 

150 

2S0 

::os 

■Sriie  specific  frequencle.s  used  In  the  computations  are 
In  italics. 


^ Tiiese  mobile  b.inds  .ire  not  yet  .assigned  to  either  up- 
link or  downlink. 


TIu'se  bands  are  a subset  of  those  allocated  for  s.itelllte  operation  in 
Ref.  I and  are  illustrative  of  those  In  the  higher  frequency  region. 
The  six  Italicized  frequencies  experience  the  most  severe  atmospiierlc 
degradation  In  their  b.inds.  For  comparison,  tlie  perform.ince  at  8 GHz 
Is  also  given. 
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ori;anization  ok  'hik  RiTORr  | 

Si'ct  Uin  11  dt'sorllu’s  a mi'ilol  tliat  ostiinatt's  t ho  statist  ioal  ills-  | 

tribiitlon,  at  various  t' roquono  i os  and  olovatlou  .inulos,  of  tho  two  ! 

woathor-rolat  od  factors  limiting  systom  por  fornianoo : systom  I'porat  Ing  j 

tomporaturo,  wliioh  doiuMuts  iin  tho  apparont  skv  tomporaturi-,  and  signal  j 

I 

attonuat  ion.  Tho  modol  is  dovolopod  for  ono  particular  gi-ographic  j 

location  (Waslilngton,  D.t;.),  but  could  bo  oxtondod  to  anv  location 

whoro  appropriate  woathor  statistics  ari'  available.  The  ability  to 

predict  performance  degradation  as  a function  ol  I'levatii'n  .ingle  is 

one  i>f  the  strong  points  of  the  model;  we  kimw  I'f  no  other  model  wltli 

this  capab i 1 i t v. 

.Sect  iv'ii  111  .applies  tin-  ri'siilts  i>f  Siu-tion  II  to  hvpi>t  lu- 1 i c.i  1 
commun  i I'.'i  t ions  systems  suitable  for  serving  small  mobile  users  and 
estlm.ites  their  per fiirmance  statistics.  In  Section  IV,  simll.ir  consiii- 
er.it  ion  is  given  to  systems  tailored  to  the  ni'ods  >'f  wldt>-band  data 
rel.iy  users.  These  statistics  provide  a basis  for  estimating  tlu-  prac- 
tical utility  of  the  higher  f requem- i»-s.  Although  the  results  apply 
only  to  the  s|)ecific  hypothetical  systems  selected,  scaling  to  otlier 
parameter  values,  i.e.,  other  systems,  is  a simple  process.  A discus- 
sion of  tr.’uleoffs  between  par.imeti'fs  is  includi'd  in  Section  III. 

I’erforraance  is  a sensitive  function  of  tlu'  .ingle  of  elevation  to 
tile  satelliti',  especi.illv  .it  tlu'  higher  f ri'quenc  ii's,  where  perfiirmance 
degrades  rapidly  at  low  I'levatlon  .ingli'S  lu'cause  of  lucre. ised  atmo- 
spheric attenuation  .mil  sky  noise.  The  avoidance  of  low  elevation 
angles  offers  a number  of  other  advantages.  Kor  ex.imple,  refractive 
index  .inomalies,  troublesome  .it  li>w  elev.it  ion  .ingles,  essentially  dis- 
a|>pear  .above  21)  deg  i'levatlon.  Kor  all  users,  both  the  interference 
to  and  from  other  svstems  are  great Iv  reduced.  Kor  milltarv  users, 
sidelobe  detection  and  jamming  bv  an  enemv  on  or  near  the  earth's  sur- 
face are  more  difficult  at  other  than  low  elevation  angles.  The  avoid- 
iince  of  low  elevation  angles  also  alleviates  a number  of  Installation 
problems  encountered  bv  mobile  users;  thus,  for  example,  obstruction 
of  the  beam  bv  the  superstructure  of  a ship  Is  less  troublesome  at 
higher  elevation  angles.  The  antenna  can  be  more  deeply  recessed  into 

■ 

the  user  platform  when  low  elevation  angles  are  not  required,  reducing 
both  the  aerodynamic  drag  produced  by  radomes  on  aircraft  and  the  size 

. j 


I’l  till’  s i 1 liiuii’ 1 1 1’  prt’si’iiii’ii  liy  militarv  vi’li  li’ 1 i*s . Kur  iisiTs  I’mploylnn 
lanil-luisi’il  stations,  tiu’  1 liu’-ol'-si^lit  obst  mot  Ion  prodnooii  at  t hi’ 
hori/on  by  bnildinjts  and  torraln  foatnros  Is  also  rodni’i’d. 

To  avoid  low  olovatlon  anulos,  >;i'ost  at  ionarv  urblts  must  bo  aban- 
donod.  riio  omplovmont  of  Inollnod  orbits  lias  oortaln  otbor  advantanos 
lor  militarv  iisors:  full  oartli  oovoraRo  is  aoliiovi’d,  Intorforonci’  bo- 
iwoon  .uliaoont  satollltos  (a  hazard  with  olosoly  spaced  satellites  in 
>teostat  ionarv  orbits)  is  reduced,  and  t lie  difticnity  of  jamminp,  tIu' 
satellite  from  lar>;e  iammers  in  sanctuaries  is  Increased  (because  the 
jammer's  antenna  must  now  track  the  satellite). 

riiese  consiilerat  ions  led  to  tlie  examination,  ri’ported  in  tlie  first 
I'ort  ion  of  Section  V,  of  tlie  elevation  an^le  statistics  of  a wide  ran>;e 
of  s.Uellite  constellations  with  a view  to  determining,  with  each,  tlie 
probabllitv  of  there  always  being  at  least  one  s.Uellite  in  view  above 
.1  specified  elevation.  Then  the  number  of  satellites  required  to  assure 
operation  above  any  specified  elevation  angle  c.in  be  c.i  1 cu  1 .it  ed  . Cir- 
cular orbits  at  .altitudes  ranging  from  10,000  n ml  to  rU),000  n mi  (the 
limit  of  the  stable  cislunar  region)  as  well  as  24-hr  and  9b-hr  ellip- 
tical orbits  were  examined. 

i'he  dimensions  and  area  of  the  be.im  footprint  on  the  earth  .are 
discussed  and  illustrated  in  Section  VT  ; the  matlu'mat  leal  details  ni.ay 
be  founil  in  the  Appendix. 

Considerable  .attention  is  given  throughont  the  report  to  the  trade- 
off among  various  system  paranu’ters.  In  Sect  ion  VII,  for  example,  the 
tr.adeoff  bi’tween  satellite  complexltv  and  user  terminal  comiilexltv  is 
examined.  No  attempt  is  made,  however,  to  design  an  optimal  system. 
Rather,  we  studv  the  effect  on  system  performance  of  varying  cert.ain 
p.arameters  over  regions  of  Interest  to  test  their  limits.  In  selecting 
p.arameter  values  for  small  mobile  users,  we  bi.ased  the  choice  in  favor 
of  simplifying  the  task  of  the  user  at  the  cost  of  Increased  satellite 
complexltv.  This  bias  is  justified  bv  the  excellent  performance  record 
of  m.inv  intricate  satellites,  which  indicates  that,  when  properly  de- 
signed, high  reliabllltv  can  be  achieved  even  bv  verv  complex  satel- 
lites.  ”■  The  acquisition  problem  is  .also  briefly  discussed  in  Section 


VII. 
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In  estimating  tlie  feasibility  of  using  higher  f re(|ueiu- les  for 
satellite  communications,  additional  factors  must  be  considered,  some 
of  which  are  addressed  in  Sectioixs  VI 11  tltrough  XI 1.  Section  VI 11 
treats  pointing  and  tracking  problems.  Section  IX  discusses  the 
weight,  size,  and  location  constraints  imposed  by  the  charac t er  1st Ics 
of  the  user  platform  and  its  environment,  and  the  restrictions  imposed 
on  the  satellite  equipment  by  the  need  for  compatibility  with  the 
space  shuttle.  Special  .attention  is  paid  to  the  prospects  for  pro- 
ducing high-ef f Ic lency , high-power  amplifiers  operating  at  the  higher 
frequencies,  since  these  components  could  dominate  the  weight  and  power 
requirements  of  the  link.  The  availabilitv  of  suitable  radomes  and 
antennas  is  also  discussed.  Section  X tre.ats  the  complexitv,  reli- 
ability, and  lifetime  of  systems  operating  at  lilgher  frequencies,  and 
Section  XI  reviews  gaps  in  technology  at  the  higher  frequencies.  The 
conclusions  of  the  study  are  enumerated  in  Section  XII. 
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II.  /vmosrHKKi  c j:kk Kiri'.s 

Atnuisplu-r  i<-  cdnipoiuMit  s , siii-ti  .is  huniiditv,  cltnuis,  ;itKi  r.iiii,  f.iii 
tlu'  pt'r  furm.im'o  I't'  o;irt  Ii- 1 o-s;it  i'll  i t o comnmn  loal  ions  svsti'ms. 
riiis  cioj;r.iii;it  ion  is  part  loulnr  ly  t rout-)  1 osomo  at  t lio  hlulu-r  miiTowavo 
t roipiiMii' i os  ami  li.is  In-i-n  I'no  of  t.iio  priniarv  barriors  to  i lu- i r omplov- 
m»'nt.  Aoooriiin>tlv,  it  Is  oarofnllv  oxaminoii  in  tl>is  foasibilitv  stii<i\  . 

Atniospbor  lo  offorts  ilogrado  porformanco  in  two  wavs:  ttio  I'l'mnni- 
nioatlons  sijtnal  is  attonuatod,  and  tiu'  opor.uln^>  I'r  offootivo  systom 
noiso  tomporatnro  mo.isnrod  at  t tio  roooivor  input  is  inoriMSi'd  tuH-.niso 
t iio  app.iront  skv  tt’mpor.itiiro  is  hiyiior.  in  tliis  si'ction,  a iiuxk'l  is 
dovolopod  for  nonor.it  in>>  t tio  pfi'babiiity  d i s t r iinit  ion  I'f  botti  tlu-  atmo- 
spliorii'  attomiation  .ind  tiio  total  svstorn  di'gr.uiat  ion , inoludinp,  tht' 
i‘ftoits  I't  skv  iK'iso.  Althonjth  tho  modol  is  for  Wasbinpton,  0.(1.  wo.i- 
tbor,  it  oonlil  bi'  I'xtoiuU'd  to  anv  p,oap,raph  i o ropion  for  wbiih  snitablo 
wo.itlior  d.it.i  aro  .ivai  labli’. 

wk,\tiii-:k  nookj. 

I'lu‘  wiMtlior  modi*  I fiir  W.ish  in_i;t  on , !>.('.  ilosoribod  in  Kt'f.  1 is 
.ulaptod  as  .in  input  to  onr  woaitu'r  ilogr.idat  imi  mcidi'l.  riu*  ossonti.il 
foatnros  of  tlio  niodifii-d  wo.itlu*r  modol  aro  prosi'iiti'd  in  Tablo  ; .ill 
atmospliorio  ooiiditions  ooonrrinp,  in  \J.isli  inp,  t on , O.t'.  aro  proiipi'd  into 
nino  o.itoporios  li.ivinp  wo  1 1 -dof  i lU'd  pbvsio.il  ohar.iot  or  ist  ios,  and  .i 
spooifio  ooiuiition  is  solootod  to  roprosont  oaoli  oatoporv.  I'ho  oloud 
tvpi's  in  tbis  t.il’lo  bavo  boon  oonvortod  from  tliosi*  that  would  bo  ro- 
portod  bv  an  obsorvor  to  tbo  oi'rrospotulinp  Ho  i niiond  J i an  "tl-1"  .iiui 
"tl-S"  modols  (soo  Kofs.  a .ind  Sf.  Tlu*  oloiul  thiokiiossos  .iro  iU'niin.il 
valnos,  .IS  aro  tbo  tbioknossos  of  tbo  rain  1. Ivors.  Tbo  rainf.ill  ratos 
aro  approx  imat  ol  v niipi'r  .ind  lowor  (piartili*  dailv  ratos.  Tin*  l.ist  ool- 
iimn  of  Tablo  J ostini.it  os  tbo  annu.il  probabilitv  I'f  oootirronoo,  bv  bonr , 
of  till*  v.irioiis  .1 1 inosptu*r  i o oondil  ions.  It  is  basod  *'n  11  voars  ot  d.it.i 
patliorod  ,it  tbo  W.isli  i iipt  on , b.C.  Natioii.il  Airport.  Tbo  prob.ibllilv  ol 
o li-.ir- 1 o-so.i  1 1 ori’d  olonds  w.is  ostim.itod  .it  4f>  poroont  , b.isod  on  bourlv 
roports  of  loss  tb.in  fi'iir-tontbs  of  tbo  skv  boinp  obsonrod  bv  olonds. 
Tills  4(1  poroont  w.is  .issiimod  oipiallv  dividod  t’otwi*i*n  "olo.ir”  .nul  "t'-l 
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plus  liumiil  atniDSphere , " witli  tiu*  clear  portion  being  e((iiaily  divided 
between  "low,"  "mediniii,"  ami  "liigh"  liiimid  1 ty . 


Table  2 

WKATllKK  MODKL  FOK  WASllINCTON,  D.C. 


Atmi>sphorto  Condition 

Probab i 1 i t y 
of 

Occurrence 

Clear 

Dry 

0.  Ohb 

Medium  humidity 

0.067 

Humid 

0.067 

Cloudy-p lus-humid 

C-1  (0.1  km  thick)  plus  humid  atmosphere 

0.  20 

C-5  (1.5  km  thick)  plus  humid  atmosphere 

0.48 

Rain 

R-1,  1 mm/hr  (2  km  thick) 

plus  C-5  (3  km)  plus  humid  atmosphere 

0.04 

R-2. 5,  2.5  mm/hr  (3  km  thick) 

plus  C-5  (4  km)  ptus  humid  atmosphere 

0.04 

R-10,  10  mm/hr  ( 3 km  thick) 

plus  C-5  (4  km)  plus  humid  atmosphere 

1 

0.035 

R-50,  50  mm/hr  (3  km  thick) 

plus  C-5  (4  km)  plus  humid  atmosphere 

1 0.005 

Precipitation  (rain,  drizzle,  and  snow  combined)  occurred  approxi- 
matelv  12  percent  of  tlie  time.  Snow  was  ignored  on  the  basis  iif  its 
low  frequency  of  occurrence  in  Washington.  Hourly  rain  rate  data  were 
divided  into  four  elasHea  (R-I,  R-2. 5,  R-IO,  and  R-SO).  The  remaining 
48  percent  was  assigned  to  the  broken  clouds  and  overcast  category, 
described  as  "C-5  plus  humid  atmosphere." 

This  type  of  breakdown  can  only  roughly  approximate  the  probabil- 
ity of  occurrence  (cumulative  duration)  of  weather  states  hindering 
propagation. 


Zenith  Attenuation  Produced  by  Selected  Atmospheric  Conditions 

The  attenuation  produced  by  the  cloud  types  and  rain  rates  speci- 
fied in  Table  2 has  been  calculated  as  a function  of  frequency  bv  Deir- 
mendj ian. Measured  data  on  the  attenuation  produced  by  the  three 
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luiml<.lltv  i.'1'iKli  t ions  ol  T.iMi'  J,  .it  v.ii  ions  t' ii'i|iuiu' i I'.s  .iiul  cli'Viit  ion 
.iit^'.U's,  WiTi'  bv  who  summ.u' i .'id  .ill  .iv.i  i 1 .ih  1 »•  d.it.i 

loiuiTii  in^  I U'.ii  .1  i r .it  tomi.il  ion  tlnou,t',h  t ho  tiuiri-  .itnu'si'luio. 

I’siiij',  till'  I>o  i rinoiul  i i .111  .iiul  Movor  tl.it.i,  t ho  .it  i oiiii.it  ion  to.-,  ii  1 t i ni; 

! rom  o.ioti  ol'  t lio  .itiiiosphor  i o ooiulit  ions'  in  T.ih  K'  J w.is  i .i  1 on  I .i  t od  . 
rlu'  rosnlts,  shown  in  T.ihlo  1,  .iro  zonith  .it  t onn.it  i»’ns  .it  t lu'  lioiinon- 
o ios  ot  intorost.  TIk'  l.ist  oolnmn  in  T.ihK'  1,  oht.iinod  with  tho  .lid 
ot  till'  l.ist  I'olumn  in  T.iMo  J,  indio.itos  tho  proh.ih  i 1 i t v th.it  tho  v.iii- 
oiis  .it  t i-nn.it  ion  v.iliu'S  .iro  I'xooodi'd. 


I'.lMo  i 

C.M.l  I'l  A'l'KU  ilKNlTH  .M' IKNl'A'l' U'N  lin  dhl  THKOri:H  1111'  i'N  11  Kl'  A rMOSl’Ill'Kl 
KK.bl'lTlNt;  FROM  SKI  I'l'Tl'.n  WKAl'HKK  fONl' I 1' 1 ONS 


.•\tmosphor  i o 

Kond  i t ion  - 

Kfi-qiii-noi  ihtl.-)  1 

I’roh.ih  i 1 i t \ 

1 At  t onn.it  i on 
I .s  K\i'i't*iii'il 

J 

d 1 . d 

* (I  * 

I ] 

48  [ lOl  ' 

‘ dns  : 

Clo.ir 

i 

f ' ■*  1 

I 

I ’ 

' i 

r ' 

1 1 

1 

1 

Prv 

0.  1 i 

0 . s i 

o.ddi 

I I . 0 ' ! 

0.  ^»d 

O.hs' 

0.8S 

0 . '■M 

.Mi-dinm  hnmiditvj 

(1.1  j 

o.s 

O.ddi 

I.  OS  I 

l.d 

1 1 . 1 d i 

d.ss 

('.8  7 

linmid 

0.  1 

o.s 

O.dd 

I.  OS 

1.8 

1 1.4  1 

I 

0 . 80 

t'  londv-p  1 ns -hum  id 

1 

1 

1 

1 

i 

i 

, C-  1 i 

0.  1 

o.s 

0.  d i 

I .0(1 

1 1.81 

I.4h 

s . d 1 

O.pO 

t'- 

|o.dh 

0.77; 

0.80 

d . 08 

4.1 

''  1 

i 

j O.ld 

j R.i  i n j 

i i 

1 1 

; R-1 

' (l.  44  j 

1.1  1 

I I . (>  j 

I 

s 

ilO.-i  1 

d 1 . d 

0.08 

i 1 

0. 

1.4 

I d.7 

! K.ss 

11.8 

17.4 

11  .d 

! 0.04 

; R-lt)  1 

' 1 . n 

1. 1 1 

! 7.  I j 

IS.  S j 

i 1 S . 8 

4().4  1 

s 1 . J 

O.OOS 

1 

1 

1 

8.0 

IK 

L!'  . ; 

1 k4  1 

87 

87 

ldl  j 

'Theso  oonditions  iiro  dosorihoii  in  i;ro.itor  dotail  in  T.ihlo  d. 


In  a troatmont  oT  lowor  oomnuinioat  ion  f roqnono  ii's , it  would  ho 
nooo.ssarv  to  hroak  tho  "K-SO"  o.itosorv  into  .i  numhor  ot  snlul  iv  i s ions , 
oxtondiuj;  to  nuioh  hiithor  r.iin  rati's,  sinoo  thoso  aro  tho  main  o.isos 
of  Intorost  at  lowor  f roqnono i os . Kith  tho  highor  froqnonoios  oon- 
sldorod  horo,  howovor,  ont.ijtos  m.iy  ho  indiiood  hv  I ijtht  r.iin  or  ovon 
hv  ho.ivy  olonds;  aooord  i n>;  1 y , it  is  .uloqn.ito  for  onr  prosinit  pnrposos 
to  roprosont  all  ho.ivv  r.itn  hv  tho  sinjtlo  oatogorv.  K-S(1.  (Noto  th.it 
thoio  Is  no  highor  oati'gorv  horo.) 


Skv  J^o  Iso  Tjonipo ra t n r o 

^S) 

At  froqnonoios  ahovo  d t.'Hz,  oi'smio  no  iso  oan  ho  lU'g  loo  toil; 
tho  offootivo  sky  noiso  arisos  from  thotmial  omission  from  atmosphorio 


J 


r 


I 


I 

I 


whoro  T is  thf  atnK'sptuT ' . t raiismi  t 1,  is  t lu>  atmospluT  i i-  loss 


taotor,  A is  tho  at  mosphor  io  at  t oauat  ion  in  liB,  aiui  T is  t lu*  apparont 
ahsorlior  tomporaturi-.  Kot'oroni-os  8-10  iiulioato  that  Is  abinit  280‘’K 
at  lb  OMz  aiul  falls  to  ^/l'”  to  J^S'K  at  Ut  OH?,.  In  ^oiummI.  t ho  va  Uio 
of  lit'o roasi's  slowlv  with  inortsisinj;  froqnoncv. 


Th»'  oaionlatoO  at  f omi.it  ion  ti  i s t r i hnt  ii>n  in  Tahlo  1 ami  tho  avail- 
ahlo  oxpor  imont  a 1 attonnation  d ist  r ihut  ion  data  fvT  roni;hlv  tho  same 
olimatio  .iroa  and  froqnonov  woro  oomhinod  ti'  ovolvo  tho  attonnation 
modol  nsod  in  Soot  ions  III  and  IV.  To  aooomplish  lliis,  hotii  tlio  oal- 
onlatod  distributions  and  tho  moasurod  distributions  woro  oombinod  on 
ono  >;rapl\. 


Kijjnro  1 shows  tl\o  rosnlts  obtalnod  in  tho  30  to  IS  t'dlz  ro^ion. 

Tho  solid  oirolos  in  oaoti  oaso  indioato  tiio  ostimatod  onmulativo  zonith 

attonnation  probability  at  Washington,  D.C.  Thoso  poitits  were  obtainod 

from  I'ablo  3;  oaoii  point,  at  ini-roasod  at  t onu.it  ion , rofloots  an  inoroas- 

inglv  inolomont  atnx'sphorio  oondition.  Ttio  otiior  data  points  roprosinit 

tiio  bost  .ivailablo  I'Xpor  imt*nt  .i  1 moasnromont  s mado  in  tho  sanio  gonoral 

gooy.raph  i o ri'gion  at  thoso  f roquono  ios . I’lu'  orossos  roprosi-nt  tho  oumn- 

i 1 1 ■)  * 

l.itivo  attonnation  prob.ibilitv  obsorvod  bv  Wilson  and  Knsoivi  ,it 

tlr.iwfvird  Hill,  Now  dorsov,  during  tiio  period  from  Hooembor  8,  U>n7,  to 

Kobrnarv  dS,  lOtoi,  using  a sun  traokor  .it  10  CHz.  IVit.i  woro  .ivor.igod 

v'Vor  .ill  olov.ition  .inglos  gro.iti'r  tlian  b dog.  Vlio  squares  in  Tig.  1 

( 1 "*3 

ri'prosont  tlu-  rosnlts  of  tlonrv,  .uquirod  during  tho  poriovl  t rom 

August  l^>7d  to  August  107  1;  tho  sun  t r.iokor  .it  I'r.iwford  Hill  was  .igain 
omplovod  and,  again,  data  woro  avoragod  over  all  olovations  .il'ovo  b dog. 

TIu'  d.it.i  points  indloatod  bv  opon  oirolos  in  Kig.  1 slu'w  .itton- 
n.ition  oaloulatod  from  tho  radiomotor  moasnromonts  of  Wul  fsborg, ^ 


* 

Kusoio,  .1.  T.  . /('>:  i t i\‘t' 

;>■  ii7/s  ''lo  H;  ' ’ :':,n  ?■, 

Company  l..ibor.itorios,  M.iv  21,  I'^bd  iunpub  1 i shi'dl  . 


j-' >>>*  ^-4 '2 ; t '^1  »« T 
I'ho  boll  Tolophono 
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Probability  that  attenijation  exceeds  abscissa 


A 

-lear 

C-1 


90\  V5h30  10 


30  to  35  GHz 


ff(cleg) 


□ \ ' \ 

\ \ 

\\\\  \ 

n\  \ 

' \ 

R-10  °\  \ 

WY  H \ 

• Calculated,  31  GHz,  90°  elev,  \\\  n 

Washington,  D.C.  ' \ \ ^ 

f Off  scale  \ \ 

O Wulfsberg,  35  GHz,  radiometer^  ' \\\  ^ 

Waltham,  Mass.,  Feb- July  1963  \Rx\ 

X Wilson,  30  GHz,  sun  tracker,  V\  1 

Crawford  Hill,  N.J.,  Dec  1967-Feb  1969  M \ 
□ Henry,  30  GHz,  sun  tracker,  m i 

Crawford  Hill,  N.J.,  Aug  1972-Aug  1973 
— Extrapolation  from  Wulfsberg  data 


Attenuation,  dB 


Pig-  1 Comparison  of  calculated  and  measured  cumulative  probability 
distribution  of  attenuation  through  the 
entire  atmosphere  at  30  to  35  GHz 


Hrs/yr  during  which  attenuation  exceeds  abscissa 
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made  at  Waltham,  Massachusetts,  during  the  period  extending  from  Febru- 
ary to  July  1963.  We  used  Eq.  (1)  to  convert  Wulfsberg's  reported  sky 
temperature  data  to  attenuation;  in  this  calculation,  we  arbitrarily 
assumed  a value  of  275  deg  for  the  apparent  absorber  temperature  T . 

The  assumption  of  any  other  reasonable  value  for  T would  have  had 
little  effect  on  the  results.  Wulfsberg's  measurements  were  made  at 
35  GHz  and  reported  as  a function  of  elevation  angle.  The  attenuati<;n 
was  found  to  be  very  nearly  proportional  to  the  cosecant  of  the  eleva- 
tion angle,  indicating  horizontal  stratification  of  the  attenuating 
components  (atmospheric  molecules,  overcast,  and  light  rain)  at  the 
relatively  low  attenuation  values  amenable  to  passive  radiometric  de- 
termination. 

Figure  2 presents  similar  data  for  the  15  to  16  GHz  region.  Again, 

the  observations  of  Wulfsberg  indicate  that  the  cosecant  law  is  closely 

followed  at  relatively  low  values  of  attenuation.  The  triangles  in 

(14) 

this  figure  refer  to  attenuation  measurements  by  Ippollto,  using 

a beacon  onboard  the  ATS-5  satellite  as  a radiation  source.  These  mea- 
surements were  made  at  an  elevation  angle  of  42  deg — the  satellite 
elevation  from  Rosman,  North  Carolina — and  averaged  over  the  entire 
calendar  year  1970. 

It  is  seen  from  Figs.  1 and  2 that  the  calculated  attenuation 
statistics  obtained  from  Table  3,  represented  by  the  solid  clrcivS  in 
the  figures,  agree  reasonably  well  with  the  measured  values.  The  agree- 
ment is,  in  fact,  suspiciously  good,  considering  the  differences  in 
frequency,  measurement  technique,  geographic  location,  and  time  period. 

As  mentioned  above,  the  cosecant  law  is  followed  by  the  Wulfsberg 
data,  which  were  acquired  at  relatively  low  values  of  attenuation. 

This  dependence  on  the  cosecant  of  the  elevation  angle  is  to  be  ex- 
pected because  the  attenuation  is  caused  by  humidity,  clouds,  and  light 
rain,  which  all  can  be  reasonably  expected  to  be  horizontally  strati- 
fied. At  very  high  rain  rates,  however,  a considerable  vertical  cloud 
buildup  (e.g.,  thunderhead)  is  usually  observed,  so  that  high  attenu- 
ation will  occur  at  high  elevation  angles.  Thus,  the  attenuation  due 
to  high  rain  rates  is  expected  to  be  less  sensitive  to  elevation  angles, 
causing  the  curves  representing  different  elevation  angles  to  draw  to- 
gether at  high  values  of  attenuation.  This  was  borne  in  mind  when 


Probability  that  attenuation  exceeds  abscissa 
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\ 

R-,oV\^  \ 

) GHz  ^ . \ ^ 


• Calculated,  15  GHz,  \ \y  V\  \ 

Washington,  D.C.  \ ' \ 

f Off  scale  \ V \ 

O Wulfsberg,  15  GHz,  radiometer,  \ 

Waltham,  Mass.  Feb~July  1963  \ \/V 


' ^ \ \ \ 

O Wulfsberg,  15  GHz,  radiometer,  \ ^ 

“ Waltham,  Mass.  Feb~July  1963  \ 

X Wilson,  16  GHz,  sun  tracker,  Crawford  ' \ \ ^ 

Hill,  N.J.,  Dec  '67-Feb  '69  ' » 

A Ippolito,  15.3  GHz,  ATS-5  beacon,  v ^ \ 

Rosman,  N.C.,  Jan-Dec  R-50\  \ ^ X 

Extrapolation  from  Wulfsberg  data  \ X 


Attenuation  (dB) 


Fig.  2 — Comparison  of  calculated  and  measured  cumulative 
probability  distribution  of  attenuation  through 
the  entire  atmosphere  at  15  to  16  GHz 
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drawing  the  dashed  lines  in  the  figures,  which  represent  a "best  guess" 
extrapolation  of  the  Wulfsberg  curves  to  higher  attenuations,  with  guid- 
ance being  provided  by  the  measurements  of  Wilson,  Henry,  and  Ippolito, 
and  the  calculated  points.  The  combination  of  the  Wulfsberg  curves 
and  their  extension  represents  the  attenuation  model  for  Washington, 

D.C.  at  15  to  16  GHz  and  30  to  35  GHz.  No  suitable  measured  data  are 
available  at  higher  frequencies;  the  attenuation  estimates  had  to  be 
made  solely  on  the  basis  of  the  calculated  values.  Thus,  the  solid 
circles  were  first  plotted  for  each  frequency  using  the  data  in  Table 
3.  Using  these  points  and  the  known  trends  at  lower  frequencies  from 
Figs.  1 and  2 as  a guide,  "best  guess"  curves  we'e  sketched  in,  repre- 
senting the  best  estimate  of  the  attenuation  statistics  at  each  eleva- 
tion angle.  These  curves  are  shown  as  solid  lines  in  Figs.  3 through 
8.  (The  dashed  curves  in  these  figures,  together  with  the  associated 
notation  "uncooled  paramp  2000,"  will  be  discussed  later  in  this  sec- 
tion.) Table  A gives  the  calculated  values  of  A and  T , for  a few 
“ sky 

values  of  cumulative  probability  and  for  the  values  of  frequency  (f) 
and  elevation  angle  (9)  at  which  link  outage  statistics  are  calculated 
in  Sections  Ij.1  and  IV. 

The  procedure  used  to  build  this  model  for  estimating  attenuation 

statistics  is  highly  subjective  and  should  be  used  with  caution.  Until 

more  data  become  available,  however,  we  must  resort  to  procedures  such 

* 

as  the  one  used  here.  It  is  recoinTnended  that  In  the  future  statistical 
attenuation  data  be  acquired  as  a function  of  frequency  and  elevation 
angle.  The  need  for  such  data  is  so  obvious  that  the  neglect  in  acquir- 
ing it  is  quite  surprising. 

TOTAL  PERFORMANCE  DEGRADATION  STATISTICS 

In  addition  to  attenuating  the  signal,  the  atmosphere  degrades 

system  performance  by  increasing  the  effective  system  noise  temperature 

or  operating  temperature  T . Measured  at  the  input  to  the  ground- 

(15) 

based,  low-noise  amplifier,  T can  be  expressed  by  the  relation: 

op 


If  the  Bell  Telephone  Laboratories  sun  tracker  data  had  been 
sorted  into  elevation  bins,  we  would  have  a better  validation  of  the 
model. 


Probobility  thot  attenuation  or  degrodotion  exceeds  abscissa 
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Fig.  3 — Estimated  cumulative  probability  distributioi^  of  attenuation  and 
system  performance  degradation  due  to  atmospheric  effects  at  21.2  GHz 
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Fig.  4 — Estimated  cumulative  probability  distribution  of  attenuation  ond 
system  performance  degradation  due  to  atmospheric  effects  at  31  GHz 


I 


Hrs/yr  that  attenuation  or  degradation  exceeds  abscissa 


Probability  that  attenuation  or  degradation  exceeds  abscissa 


Signal  attenuation 

— — — Total  performance  degradation  due  to  atmosphere 
Downlink  at  Wash.,  D.C.,  uncooled  paromp,  2000 
O Calculated  attenuation  at  90®  elev 


Clear  + 


\ Elevation 


Atrrwspheric  attenuation  or  degradation  (db) 


Fig.  5 — Estimated  cumulative  probability  distribution  of  attenuation  and 
system  performance  degradation  due  to  atmospheric  effects  at  48  GHz 
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Fig.  6 — Estimated  cumulative  probability  distribution  of  attenuation  and 
system  performance  degradation  due  to  atmospheric  effects  at  101  GHz 
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Fig.  7 — Estimated  cumulative  probability  distribution  of  attenuation  and 
system  performance  degradation  due  to  atmospheric  effects  at  152  GHz 
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ig.  8 — Estimated  cumulative  probability  distribution  of  attenuation  and 
system  performance  degradation  due  to  atmospheric  effects  at  265  GHz 
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tluToloro  iho  uplink  systoni  marp.iu  will  bn  gri'alt'r).  11  liomodulut  ion 
and  romodulation  aro  usi-d  in  tin."  satullitf,  tlu>  lyp*.'  oi  iiii>dul  at  inn , 
till'  iiindulation  indi'x,  and  tlio  typo  of  urror  i-orroi-t  ion  coding;  can  all 
dilft-r  on  tho  up  and  down  link.  Mvon  tlu'  data  rate  can  be  different 
due  to  onboard  processing,  such  as  multiplexing  signal  streams  wbicli 
originate  on  different  uplink  beams.  In  addition,  iin  the  uplink,  1 

op 

must  be  modified  to  reflect  the  fact  that  the  main  beam  of  the  receiver 

is  directed  at  the  t'arlh  rather  ttian  at  the  sky.  Tlius,  the  first  term 

in  Kii.  (1),  , /I.  1.,  , must  be  replaci-d  bv  i'  , /i.  h, — a considerablv 

sky  cl,  earth  c 1. 

larger  quantity.  Although  thi’  second  term  will  be  somewhat  reduced, 

ami  the  third  term  will  be  greatly  reduced  because  the  far  sidelobes 

Ilf  the  satellite  antenna  ari'  diri’cteii  at  spai'e,  the  increase  in  the 

first  ti-nii  will  diiminate,  resulting  in  a net  increase  in  T . The  re- 

op 

suiting  degradation  in  perfiirmance  is  likelv,  howevi'r,  to  be  mori'  than 
offset  bv  the  increase  in  transmitteil  poiver.  Acciird  ing  1 v , the  uplink 
does  not  usually  limit  system  performance,  and  onlv  t lu'  downlink  will 
be  ciinsidered  in  the  pi'i'sent  analysis. 

I'AtNS  I'ANl’  ANTJyNNA 

A transmitting  antenna  diameti'r  of  ‘(.4  m is  assnmeil.  This  is  tlie 
largest  size  that  can  be  accommodatt'd  bv  the  siiace  shuttle  without  fold- 
ing. A mirror  ri-flector  of  this  size  is  being  liesigneil  bv  Hughes  Air- 

(18) 

cr.itt  (lompanv  lor  NASA.  It  is  designed  to  operatt'  at  ISl  ('.Hz,  have 

an  rms  surf.ace  rougluu'ss  of  0.(H117  in.,  .ind  an  overall  .iperture  collec- 
tion efiicienev  of  O.bti.  flic  ca  1 cu I ;i t i-d  1 db  bi'amwidth  is  O.OL’ti  deg. 

The  beamwiilth  and  efficienev  correspond  to  a gain  of  77  db. 

The  diameter  of  the  mobile  user's  reci'iving  .int  I'nna  is  assumed 
to  be  onlv  (•.  I m (4  in.).  This  rciiresents  one  extreme  of  inti-rest  — it 
minimizi's  the  prohli'ms  of  the  small  mobile  usi-r  at  the  cost  of  increasi-d 
satelliti'  complexitv.  Tims,  the  required  pointing  .iccuracv  of  the  niiibil 
usi'r  is  mi'derate,  siin'c  the  bi'.irawldth  ranges  from  11  deg  at  21.2  (IHz  to 
I deg  at  2(11  IHlz.  A margin,  M,  of  8 db  is  alloweil  for  all  losses  other 
than  .1 1 mosphe  r I c absorption  and  sc.itterlng  (which  are  included  in  1,  and 

T ).  The  liisst's  covered  bv  the  margin  include,  for  example,  those  dvie 
op 

to  autenn.'i  boresight  mls.t  I Igninent  , degr.id.tt  Imi  due  to  component  .tglng, 
po  1 .tr  i za  t ii’n  losses,  Imped.tnce  mismati'hes,  r.tdome  at  t enuat  iiui , and  prop.i 
gat  I cm  anomalies  (e.g.,  refractive  index  effects). 
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A v.iliit'  of  10  Wiis  si'li'i-tt'J  fur  )■', /N  , in  flu'  c.isi',  Sin-li  ;i 

n 0 

ili'wnlink  will  i'  viu'iHioci-vi' li'o  witli  binarv,  I’SK  t ransni  i ss  itni 

usin>;  ill  ft  i-ront  ial  ly  colioroiit  ili'l  oi’t  Ion , ami  ai’liiovc  an  i'rr<'r  proba- 

- ! * 

bllitv  of  no  mori'  than  10 

Tilt'  liala  r. Ill's,  R,  of  inlorost  tor  various  nsors  oovi'r  a wiiii' 
ranj^o.  Tims,  for  somo  small  Vi'lili'los,  ti'lot'ypo  at  7S  bps  or  mossani’ 
trat'rio  at  I'jO  bps  may  snlfloo;  liulooil,  manv  prosont  links  aro  ilo- 
si>>noil  to  supply  just  7*1  bps.^  Si'i'uro  volco  oornmnnloat  ion  today  typi- 
I'allv  ri'(|ulri's  a lb  to  32  kbps  data  rato  nsin.y  Continnouslv  Variablo 
Slopo  Dolta  ((A'SO)  modulation.  Mucb  bij;lu'r  data  ralos  (10  to  100  Mbps) 
aro  usual  Iv  roi|uirod  for  sensor  data,  but  r.iw  sensor  data  retpi  1 rements 
mav  extend  to  1 (dips. 

As  Indleated  in  Table  b,  a satellite  .iltltude  iiT  30,000  n mi  was 
seleeted  for  tbe  basi'  easi'.  Tbe  basis  for  this  eboiee  will  beeome 
ele.ir  in  Si'etlon  V.  briefly,  it  is  tbe  lowi-st  .iltitude  at  whieli  .i 
user  at  anv  I'oint  on  tlu'  I'artb's  surfaee  b.is  at  least  one  s.iti'llite 
in  view  at  an  eli'v.ition  anp.le  of  roup.blv  30  dep,  or  biplier  when  :\  eon- 
stellalion  of  only  nine  s.itellites  is  employi'd. 

Tbe  transmitter  output  powi'r  of  10  W and  antenna  ef  f ie  iene  ii's  (at 
both  ends  of  tbe  I'omimin  i ea  t i on  linkl  of  Sfi  pereent  are  typie.il  of  pres- 
ent systems  at  8 011/  and  .are  .assumed  to  be  reasonable  poa  1 s throuphout 
till’  m 1 1 1 imet  er-wavi'  band. 

Sinee  the  p.arameters  all  appear  .as  1 ine.ar  or  nu.adratie  f.aetors 
in  tbe  performaiu'i’  I'qii.at  ion,  luj . (b),  se.alinp  to  v.alues  different  from 
those  .assip,ned  in  tbe  b.ise  ease  is  a st  raipbt  forward  t.ask. 

it 

A wide  ranpe  of  eommun  i eat  ion  ri'qu  1 rement  s ean  be  satisfied  bv 
svsti'ms  operatinp  at  tbe  f reiiiu'ne  i es  eonsldered  in  this  study.  At  one 
extreme,  one  mipht  I'lieounter  a larpe  number  of  users  for  whom  eeonomle 
and  teebnolopieal  eonstraints  mipbt  dletate  tbe  use  of  simple,  non- 
eoberent  KSK  at  dat.i  rates  of  onlv  7S  to  2A00  bps.  At  tbe  other  ex- 
treme, .a  small  number  of  soph  1 st  teat  ed  and  di'mandinp  users  mipbt  re- 
quire the  use  of  eoberent  PSK  with  eonvolut ional  eodinp  and  sequential 
deeodinp  at  data  rates  of  200  Mbps  to  1 Ohps.  Oependinp  on  tbe  I'lror 
r.ite  required,  the  minimum  value  of  T'p/Np  eould  therefore  be  as  mueb 
.as  11  db  or  as  little  .as  S db.  As  noted  above,  tbe  eboiee  of  10  db  is 
representative  of  just  one  possible  applleatlon. 

*Tbe  volume  of  paper  required  to  print  out  1 30  bps  for  24  hr  Is 
not  I ns  I pn  i f i eant  . A d.ita  stream  I'f  130  bps  prodiiees  12.^3  pip.abils 
in  24  hr  tor  ri'eord  tr.affie.  In.isimieb  .is  .i  ly|ileal  doub  1 e- sp.aeed  typed 
p.ipe  lias  about  23  v > a « ODOO  )>  1 1 s of  1 nf  orm.il  i on.  Ibis  .amounts  to 
1441'  papes  of  prlnti>ui  per  d.iy. 


I 
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Till'  performaiu'e  of  a ilowtillnk  to  a moblli'  user  was  estimated  with 
the  aid  of  Eqs.  (5)  and  (6)  and  the  cumulative  probability  liistrlbu- 
tlons  for  atmospheric  degradation  (A^,,  shown  in  Figs.  1 through  8). 
Performance  is  presented  as  link  outage  statistics,  calculated  for  the 
parameter  values  of  Table  6. 

Figure  10  (a  thiough  f)  shows  the  results  of  these  calculations 
at  the  six  frequencies  and  four  elevation  angles  considered.  The  out- 
age (In  hr/yr)  is  indicated  as  a function  of  data  rate;  the  percentage 
of  Lime  during  which  the  link  is  available  for  conimunicat ion  (not 
blocked  out  by  weather)  is  indicated  on  the  right-hand  ordinate.  These 
curves  clearly  show  that  higher  data  rates  can  be  achieved  only  at  the 
expense  of  Increased  outage. 

The  slope  of  the  curves  in  Fig.  10  is  a measure  of  the  feasibil- 
ity of  "burning  through"  the  atmosphere  with  higher  power  or  larger 
antennas.  Figure  10(a)  shows  that,  at  21.2  Ollz,  the  slope  Is  rela- 
tively steep.  Thus,  at  an  elevation  angle  of  30  deg  aiul  a 100  hr/yr 
outage,  a two-fold  increase  In  satellite  power  will  increase  the  data 
rate  from  9.5  ''  lO'’  blts/sec  (point  A)  to  1.9  >.  10^'  bits/sec  (point  B) . 
This  represents  a seven-fold  decrease  in  ovitage  time  from  tin*  value  of 
700  hr  (point  C)  experienced  at  the  lower  power  level  at  the  latter 
data  rate.  At  152  CUz,  Fig.  10(e),  however,  the  slope  is  lower.  In 
this  case,  the  s.ame  power  Increase  (with  the  sami'  value  of  0 and  the 
same  initial  outage)  would  decrease  the  outage  time  by  .a  factor  of  only 
1.2  (points  A,  B,  and  C have  the  s.ime  significance  in  botli  figurt's). 

The  curves  similarly  permit  a determination  of  the  decrease  in  outage 
time  associated  with  any  other  system  improvement,  for  example,  a re- 
duction in  the  required  value  of  through  Impn'ved  signal  proces- 

sing techniques.  The  curves  of  Fig.  10  provide  the  essential  backg,round 
for  Sections  VIII  through  XII  of  this  report. 

Figure  11  is  .a  cross-plot  of  the  30  deg  elevatii'n  angle  data  fri'in 
Fig.  10  (.a  through  f),  .and  emphasizes  the  v.arlation  of  data  r.att'  with 
frequency.  Figure  11  c.an  be  used  in  the  initi.al  selection  i>f  frequi'iu'v 
for  any  specific  appl  Ic.at  ion,  while  Fig.  10  proviiies  more  di't.iil  con- 
cerning performance.  In  good  we.ather,  the  d.ata  rate  Incre.ases  with 
frequency,  except  at  the  highest  freqtiencv  shown.  Wlu'u  verv  low  I'utages 
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Fig.  10 — Outage  as  a function  of  data  rate  for  small  mobile  users  at  various 
elevation  angles  and  frequencies 
(constant  satellite  antenna  diameter  = 4.4m) 
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g.  11 — Small  terminal  data  rate  as  a function 
of  frequency  at  various  values  of  availability 
(corutant  ontenrKi  diameters) 


art?  requlrod,  o.r.,  1 porcent  or  loss,  the  achievable  data  rates  are 
cens Iderab ly  lower  at  the  higher  frequencies.  However,  a single  75 
bps  data  channel  would  be  available  more  than  99  percent  t)f  the  time 
even  at  the  highest  frequency. 

Table  7 presents  information  similar  to  that  contained  in  Fig. 

11.  For  example,  communication  at  3.7  kbps  can  be  carried  on  at  fre- 
quencies as  high  as  48  (diz  for  99.7  percent  of  the  time  (30  hr/yr  out- 
age) with  only  a 4-in.  receiving  antenna.  Digital  communication  at 
160  kbps  could  be  carried  for  98.9  percent  of  the  time  at  the  same 
frequency.  At  101  OIlz  and  152  GHz,  voice  communication  (at  8 kbps 
and  5 kbps,  respectively)  could  be  be  carried  for  98.9  percent  of  the 
time,  but  larger  (5.7-in.  and  7.2-in.,  respectively)  receiving  antennas 
would  be  required  for  digital  voice,  at  16  kbps,  with  the  same  outage. 

Table  7 

CAhCULATKD  DOWNLINK  PERFORRfVNCE  VERSUS  OUTAGf/^ 

( In  bits/sec) 


2.0 


Outage  (hr/vr) 

"T  7o<r'  T 


Freq^uency  (GHz) 
8 

21.2 

31 

48 

101 

152 

265 


3.6 

8.3  X 10-2 
18.9  X 10-2 


99.7 

98.9 

95.6 

7.2  X 10'^ 

7.2  X 10'^ 

7.2  X 10^ 

2.8  X 10'^ 

9.6  X lo5 

1.5  X 10^ 

1.4  X 10^ 

1.1  X 10^ 

2.6  X lOf’ 

3.7  X 10-'' 

1.6  X 10^ 

9.3  X 10'’ 

66 

8 X 103 

2.6  X 105 

45 

5 X 103 

2.5  X 10^ 

4.2 

3.3  X 102 

2.2  X 10** 

At  an  elevation  angle  of  30  deg.  All  other  parameters  are 
assigned  the  values  in  Table  6. 


The  total  annual  throughput  Increases  materially  with  frequency, 
except  at  the  highest  frequency,  as  shown  in  Fig.  12.  This  figure 
shows  the  data  rate  averaged  over  1 yr  as  a function  of  frequency. 

It  is  concluded  that,  if  the  outages  can  be  tolerated,  the  efficiency 
(bits/dol lar)  will  be  materially  higher  at  the  higher  frequencies. 


Note;  Annual  throughput  (bits  yr) 
= 3.16  X 10^  X (data  rote, 
in  bits/sec,  averaged  over 
one  year) 
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Frequency,  f(GHz) 

Data  rate,  averaged  over  one  year,  as  a function 
of  frequency  and  elevation  angle 
(constant  antenna  diameters) 
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initagi's  m.iv  {>»•  roiiiu'oil  tlirminli  siuli  t film  iciiu's  as  t I'liipararv 
powtT  iiuToast's  with  tlu'  aiii  ot  sti'ii'ii  I'lU'ip.v  or  livulnin^  sti'rm  oi’lls 
throii>;li  pat  ft  liivt'rsitv. 


OK  1^-vi'A  J-'  1 1'}’ a r idn  am  a i ' 

Kii^uro  IJ  shows  that  t lio  total  ani)\ial  t liroii>;hpiit  .it  tho  lu>;hor 
f r»s|iu-no  i os  is  lar.i;or  at  50  vK-j;  I'lovatii'ii  t liaii  at  U>  ilog  hv  ahi>ut  an 
orOi't'  ot  ma>^n  i t lull'.  Tho  il.it.i  r.ito  tor  a spooilioi!  iMitapo  tails  ilr.i- 
matio.illv  at  low  o 1 1'v.it  ii'ii  .uip.li's,  ospooiallv  at  vorv  low  out.ii'.os. 

This  o.in  ho  si'oii  in  Ki^.  15  (a  throupji  o 5 , whioh  roti'is  to  outap.os  I'f 

f, 

10,  100,  .nut  500  hr/vr.  Ki>;iiri'  1 - 1 shows,  tlu*  ratio  ot  tho  liata  rati-  at 

.in  I'lov.ition  v''f  50  iloe,  to  tho  ilat.i  rato  .it  It'  ilor,  .is  .i  Iniution  of 

av.i  i 1 .ih  i 1 i t V tor  tho  six  tri'iiuonoios.  Tho  onrvos  I't  Kip.  1*  .lu.intifv 

till'  hi'iii'tit  ot  hiphor  olov.it  ion  anplos.  I'lio  hi'iiotit  is  rol.it  ivolv 

srii.ill  (.1  t.ii'tor  ot  two  to  tivo)  in  tho  Jt)/ 5tl  tUI;'  ropion;  in  tho  It'O/ V't' 

Oil?,  rop  ion , JiowoviT , tho  hoiu'tit  is  so  larpo  that  it  must  ho  t.iki'ii  into 

.u'l'oiiiit  .It  .ill  timos.  4h  Oil?,  rii'rosont  s .i  transition  ropioii  vi'hori'  tho 

honotit  is  larpo,  hut  not  ovorwlu'lminp. 

this  iH'f  t oriii.iiii'o  ili'praila  t ion  .it  tho  lowor  I'lov.iton  .inplos  snpposts 

tho  I'liip  1 o\niont  ot  s.itollito  ooiist  i' 1 1 .it  ions  whioh  .ivoiil  siu'h  olov.it  ions. 

To  oxploro  this  posslhilitv,  tho  statlstioal  il  i st  r i hiit  ion  ot  I'lovation 

.iiiplos  ot  a v.iriotv  ot  s.itollito  oonst  o 1 l.it  ions  is  ox.iiii  iiioii  in  Soot  ion  V 

So  int  i 1 l.it  ion  ottoots  ihio  to  .i  t iiiosphor  i o rotr.iotioii  .iro  .i  1 so  imioh 

iiioro  si'i  ions  .it  low  I'li'v.ition  anplos.  this  w.is  ohsorvoil  hv  , tor  ox- 

( l')5 

.imp  1 o , Vopol.  Str.iiton,  .uul  T.iiniin,  who  mon  i t v'loil  tho  rotnrn  t rom 

tho  I'.ll?  ho.ioon  on  tho  ,\'tS-h  sati'llito  ilurinp,  its  rop>'s  i t i on  i np  t ti'iii 
ti'’!'  to  I iii^W  loiipit  mil'.  hiirinp  this  tiiiio,  tho  olovatii'ii  I r.'iii  tho  r<'- 
ooivor,  in  Ti'it  .Ar.ins.is,  ti'X.is,  oh.inpoil  from  1 ' ilop  ti'  17.  ' hop.  It 

W.IS  ohso  rvoil.  t hat  tlu'  rosnlt.int  .it  I oiiii.i  t ion  iK'o  ro.i  si'il  t r.'iii  .’l'  ilH  to 
* 

this  hiph  iTll  ,1155  .It  t onnat  ion  .it  1.’  liop  olov.it  ion  must  ho  ro- 
p.iriloil  .IS  .1  "worst  o.isi',"  sinoo  tho  p.ith  w.is  I'vor  w.itor  .niil  honoo  snh- 
ji'ot  to  tho  offoot.*^  ot  tho  i'V.i|><’r.i t ion  ihiot  (soo  Kots.  TO-.'P.  This 
.1 1 t onii.i  t i on  m.iv  ho  oontr.istoii  with  th.it  notoil  hv  .-Mli'ii  (Kot.  .\'5,  who 
ohsorvoil  th.it  .1  link  from  .i  mount. lin  top  in  thnlo,  I'.roon  1 .nul , to  tho 
poos  t .1 1 i oii.i  rv  s.itollito  .Anik  ll,  also  opor.it  inp  .it  .in  olov.it  ion  .inplo 
ol  1 . liop,  por  I orinoil  s.i  t i sf  .lo  t or  i 1 v for  throo  vi'.ivs  with  .i  n.  > ill' 
t.iilo  m.irpin  on  tho  ilowiilink.  tli  i s ni.irpin.  in  taot,  w.is  oons  iiioroii  to 
ho  l.irpor  til. Hi  noooss.irv  h.isoil  on  tho  r.iritv  ot  oiit.ipos  ovor  tho  thioo- 
vo.ir  poi  ioil. 


Doto  rate  /ersus  elevation  angle  at  various  freouencie:  and  otjtage 
f small  mobile  users,  uncooled  paramo, 


J dB  aiul  tlu*  staiulard  dovi.it  Ion  dei-reased  from  over  B dB  to  loss  than 
0.2  dB. 


CONSTANT  SPOT  SI7.K 

In  tho  proood iitg  analysis,  tho  satollito  antonna  dlamotor  was 
hold  constant  (at  4.4  m)  at  all  f roquonc ios.  Tho  width  of  tho  ht-am 
footprint  on  tho  earth,  corrospondlngly , docroasod  with  Incroaslnj; 
froqiioncv.  This  Is  soon  from  Section  VI  and  the  Appendix,  In  which 
tho  sh.tpo  and  slzo  of  the  footprint  are  examined  In  detail.  It  is 
assnmt'd  th.it  the  foiitprint  width,  is  given  hv  tho  relation. 


whore,  as  before,  S is  tho  slant  p.ith,  and  0,^,  is  the  diameter  of  the 
transmitting  antenna. 

Ihe  v.ilnes  of  K , obt.iinod  from  this  equation  at  the  v.irious  fro- 
r 

qnencies,  .irt'  iiiil  ic.it  fO  in  Kig.  10,  They  were  calculated  at  .in  eleva- 
tion .ingle  of  '■>0  dog,  and  are  designated  as  W in  the  figure.  The 

r 

footprint  width  is  seen  to  decro.ise  from  IJl  n mi  at  .''1.2  CHz  to  ‘l.S 
n mi  .It  2hS  CH.-*.  While  the  sm.ill  spot  size  ,it  high  frequencies  re- 
sults in  -in  Incre.ised  data  rate  in  good  weather  (Fig.  Ill,  it  compli- 
c.iti’s  the  problems  of  achieving  adeqn.ite  are.i  cin'er.ige  and  of  be.im 
pointing.  It  is  interesting  to  examine  the  variation  of  svstom  perfor- 
m.ince  with  frequency  in  the  alternative  case.  In  which  the  footprint 
width  is  heUi  const.int  as  the  frequency  is  incre.ised  bv  cent  inn. illv 
ilecre.ising  the  satellite  .inteniia  di.imeter. 

The  results  obt. lined  in  this  .i  1 tern.it  ive  case  are  shown  in  Fig. 

1 1 (a  through  fl,  and  are  simil.ir  to  those  shown  in  Fig.  10,  except 
the  footprint  width  is  m,ilnt.iin«'d  at  12  1 n mi  (its  v.ilui'  at  21.2  OH." 
with  .1  4..*  m .intenna^  at  .ill  f rt'quenc  ies . The  antenna  diam«'ti'r  corres- 
ponding ti’  this  footprint  width  tlu'ii  decreases  with  incre.ising  fre- 
quency, .IS  indicated  in  the  figure,  so  that,  for  ex.imple,  1 IB  antennas 
I’per.iting  .it  2bB  CUz  could  be  mounted  in  an  aperture  on  the  satellite 
th.it  would  bt'  fully  occupied  bv  a singli-  .intenn.i  oper.it  ing  at  21.2  CHz. 
Th«'  d.ita  rat«',  correspondingly,  falls  off  r.ipidlv  with  increasing  fre- 
Th  i s is  shown  in  Fig.  IP,  which  is  a cross-pliU  of  the  10  d»'g 
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IV.  KSTIM/\T10N  OK  I.INK  OUTAi:!' 
STAT  l sYllis'  k'oK  w)))kYiUnY  jWlY 


UNCOOl.KI)  RK.CK,  1 Vl'^R 

Till'  wiilt'-liainl  ilata  ri'lav  iisi>r  rt‘i|uiri'S  a imuli  ilala  ralf 

10*’  to  lO'^  bps)  than  itoos  t lu-  typical  small  mob  i K user  tlO' 
to  10’  bps),  blit  can  employ  a nuiob  larger  diameter  antenna.  lb'  i 
especial  Iv  concerneii  about  bis  interterence  with  or  I rom  olher^;  be- 
canse  I'i  his  large  bandwidth.  The  number  of  wide-band  data  ii-lav 
users  is  (|nfti*  small  compared  with  the  number  of  small  molule  nsi'r.s. 
Witli  these  cons  iili'rat  ions  in  mind,  we  po;;lnlate  a ilownlink  tor  the 
wide-banii  data  relay  user  that  has  a sat<>llite  antenna  diami  tei  <'l 
1 111  and  a teniiinal  antt'iina  dianu'ter  I't  10  m.  The  purpose  ol  select- 
ing Sit  large  an  antenna  diaiiu'ter  is  to  I'xamine  the  otlii-r  estreim',  com- 
pared to  the  0.1  m ant  I'lina  ol  the  small  mobile  nsi'i.  tiM  liei  con-.idei 
aliens  mav  dictate  the  nsi-  of  a .’  to  1 m antenna  lor  thic  applical  ion 
ratiu'r  than  It'  m)  . Tlu'  postulated  downlink  provides  a 'ln-|old  in 
crease  in  data  rate  I'omi'ari'd  with  the  0.1  m antinina  in  .onimni  ion  u' i i h 
a -'*.4  m satellite  anli'nna.  The  1 m satelllti'  antenna  diameiei  I'er 
mits  till'  use  of  a number  of  indepi'iulent  , meiban  i ca  1 1 v steerable  an 
lennas  (an  antenna  "farm"),  wllb  t'ach  anti'iina  liedicated  te  a sinc.li' 
nsi>r  or  a group  of  cU'si'lv  spaceil  users.  If  tIu'Si'  I'lrabolic  ilishes 
are  fi'd  by  an  offset  corrugated  feed  horn,  properly  loaded  with  a 
microwav'e  ahsi'rber  and  shielded,  vi'i'v  K'w  (e.g.,  SO  dH  ilownl  sidelobe 

1 1 I II  , ( ' i’  ) 

levels  can  hi'  achievt'd. 

Kigiire  17  shows  the  data  rate  achievable  with  such  a downlink  at 
10  deg  I'levation,  I’stimated  in  the  manner  described  in  Section  111. 

Note  that  a data  rate  of  lO'^  bps  can  hi’  obtaiiu'd  with  a\'a  i I ah  i 1 I t i es 
ranging  from  Sb  percent  at  di'S  (lib'  to  ‘17.7  percent  at  H (III,'. 

b.irge  terminals,  e.g.,  I'mi'loviiig  anti’iinas  10  m in  diameter,  and 
high  data  rate  terminals,  e.g..,  10*’  to  10*^  b|is,  reprei.ent  such  a laicy 

investment  in  antennas  or  modems  that  tlu'V  lustitv  a latc.ei  investment 
in  other  terminal  compi>nenls.  Thus,  a convvi  1 ut  i ona  1 I'licodinc,  imnlem 


w i 1 1>  I'ohi'ft'nt  mvHliil.it  iv'ti  imiv  hv  just  it  ivvl,  iMiis  i viv  i i iii’,  t lu'  t.'l.i!  Ivniii-  j 

, t 1 ' 

u.i  1 iuvoslnu-i\t  . This  wi'uKl  rusull  in  a S ilU  link  imi'rv'Vi'iiunt  . 

Wh  i K'  t lu-  usi'  v'i  a V rvi'j’.t'ii  i V-  tViH' i vvi'  v.ui  !'i'  just  it  ivvl  I'li  .1  ptv'i'i'i- 


tiv'uati'  vast  li.isis,  its  vltv'vt  in  imprav  iiu-,  il.it.i  r.itv  is  liiiiitwl. 

Tims,  tv'f  ,in  .ilnu'spltvr  i i'  Kiss,  1,,  I'l  It'  tv>  Jll  vlB  v'r  nuiiv.  t lu-  va.tv'in 

v'po  r.i  t i np,  t i-mpiMM  t ufi' , T , appt'u.ii'hi'S  U't)"K  rv'parii  K-ss  at  lu'W  liivv-  tlu- 

vip 

rvH'v'ivv'i'  i i rst -st.ip.a  m'isv'  t I'miu'iMt  uii' , T|,<  Ks  m.uli'. 

In  I'rili'f  til  vlat  aimi  na  iiuira  .uv'ui'.U  a t v t lii'  tii'Ui'tils  vM  I'v'haraiit 
imiviuKit  ivin  .mil  .1  v- rviiv’.v'tt  i i'  laaaivar,  t ha  a,i  1 an  1 .u  iim  iil  il.it.i  f.iti-  w.a. 
raiH'.itavi,  .issuminp,  .1  ''  ilh  impiiivamimt  ( I iiini  It'  tvi  t.lti)  in  ^ ■*”'* 

t ha  usa  iit  .1  aiHili'il  .imp  I i t i af . Tlu'  .impliliar  w.is  .issumail  I v'  h.i\'i  I ha 
luiisa  t ampai'.il  Ufa  vh.u  .u’ t a r Is  t i as  i ml  1 1'.i  t I'll  hv  t ha  "avuiK-vl  p. 11. imp 

Jt't'll"  I'lirvi'  in  Kip.  I'ha  aitu.il  v.i  1 ui's  iK  r|,  usavl  .ira  i ml  i i-.i  I avt  in 

r.iliK'  S.  Tha  I'liuptaf  .iml  lini'  wiMi-  hath  .issumail  ta  ha  ,it  ''i'''k,  lui  th.il 
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V.  SATELLITE  CONSTELLATION  SELECTION 


When  higher  frequencies  are  employed  for  satel llte-to-gronnd  commu- 
nications, both  atmospheric  attenuation  of  the  signal  and  the  related 
sky  noise  temperature  Increase  rapidly  as  the  elevation  angle  decreases. 
This  leads  to  severe  performance  degradation  at  low  elevation  angles, 
as  shown  in  Sections  III  and  IV.  Compatibility  problems  with  the  user 
platform  (e.g. , interference  by  the  terrain,  by  obstructions  aboard 
ship,  or  by  drag  produced  by  radomes  on  aircraft)  are  also  aggravated 
at  low  elevation  angles,  as  mentioned  earlier.  These  considerations 
led  to  an  examination  of  various  satellite  constellations,  with  a view 
toward  avoiding  low  elevation  angles. 

Geostationary  orbits  (0  deg  inclination  and  24  hr  period)  are  tlie 
orbits  most  commonlv  used  at  the  present  time  for  communication  satel- 
lites. With  fixed  and  transportable  user  platforms,  these  orbits  are 

attractive  because  thev  simplifv  the  problems  c.f  satellite  acquisition 

* 

and  tr.acking,  and  avoid  any  hand-over  requirement.  This  advantage  is 

less  important,  however,  with  mobile  users  such  as  ships,  aircraft,  and 

ground  vehicles,  because  compensation  for  platform  mi'tion  must  be  made 

regardless  of  orbit.  Moreover,  geostationary  orbits  necessitate  the 

use  of  low  elevation  angles  for  users  at  high  latitudes  and  cannot  cover 

the  polar  regions.  This  is  indicated  in  Eig.  21,  which  presents,  as  a 

function  of  latitude,  the  highest  elevation  angle  above  which  one  and 

■1. 

two  satellites  will  always  be  in  view  for  the  most  unfavorable  longi- 
tude. Three  cases  are  shown:  six,  nine,  and  an  infinite  number  of 
equally  spaced  satellites.  Note  that,  at  71  deg  latitude,  elevation 
angles  as  low  as  5 deg  must  be  used  to  assure  that  at  least  one  satel- 
lite is  in  view  when  a belt  of  nine  equally  spaced  geostationary  satel- 
lites is  employed.  Little  improvement  in  elevation  angle  can  be  achieve 
by  further  increasing  the  number  of  satellites  employed.  This  is  evi- 
denced by  the  dashed  line  in  Fig.  21,  which  refers  to  the  limiting  case 

* 

For  nongeostationary  satellite  constellations,  the  user  must 
switch  from  a "setting"  satellite  to  a "rising"  one  to  maintain  commu- 
nications; this  is  referred  to  as  hand-over. 

^Obviously  more  satellites  may  be  seen  as  the  elevation  angle  is 
lowered. 
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of  an  infinite  number  of  satellites.  Consider,  for  example,  an  ob- 
server at  75  deg  latitude.  The  elevation  angle  above  which  this  ob- 
server, regardless  of  longitude,  is  assured  of  having  at  least  one 
satellite  in  view  would  be  increased  onlv  from  5 deg  to  b deg  if  the 
number  of  satellites  could  be  Increased  from  nine  to  infinity. 

For  the  above  reasons,  other  satellite  constellations  assvirlng 
higher  elevation  angles  were  also  examined.  No  attempt  was  made  to 
develop  an  optimal  constellation,  to  treat  all  limiting  cases  of  in- 
terest, or  to  examine  the  sensitivity  to  key  parameters,  since  avail- 
able resources  permitted  the  examination  of  only  a small  number  of 
cases.  The  characteristics  of  the  constellations  ccuisidered  are 
listed  in  Table 


Table  9 

CHAR.'\CTKR1ST1CS  OF  SATEl.l.ITE  CONSTELLATIONS 


1 

Conf igurat  ion 

A1 t i tudo 
(n  mi) 

Period 

(hr) 

Number 

of 

Belts 

r — “1 

1 Number  of 
Satellites 
per  Belt 

Inc  1 inat ion 
(deg) 

1 

19, 3b0" 

24 

1 

0 

II 

10,000'' 

10.9 

3 

3 

bO 

III 

30,000'^ 

42.6 

3 

3 

bO 

IV 

100,000'^ 

231.8 

3 

1 

3 

bO 

V ! 

1 

129,000'^ 

335.8 

3 

2 

bO 

VI 

17,172'' 

24 

3 

3 

63.4 

5,000^’  ' 

VI  I 

10  3,059'' 

9b 

3 

2 ! 

63.4 

i 

5,000'* 

1 

'^Circular  orbit. 
Apogee. 


‘^’Perlgee. 

In  addition  to  the  basic  geostationary  case,  the  analysis  inclndos  cir 
cular  orbits  at  10,000,  .10,000,  100,000,  and  12^,000  n mi,  and  elliptl 
cal  orbits  with  24  hr  and  'lb  hr  periods.  The  elliptical  orbits  are 
assigned  an  inclination  of  bl.4  deg  to  prevent  rotation  of  tlie  major 
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axis  ill  the  orbital  plane  as  a eonsequence  of  the  earth's  bulj^e.  F.lllp- 
tieal  orbits  have  the  ailvanta>;e  that  the  satellites  spend  90  percent  or 
more  of  their  time  in  the  Northern  Hemisphere.  Onring  much  of  this 

* 

time,  the  elevation  is  higti — especially  for  users  at  hijtli  latitude. 

^ For  eacli  constellation  configuration  given  in  Table  9,  Fig.  22 

/presents  tiie  probability  that  one  or  more  satellites  will  be  above  30 

deg  elevation  as  a function  of  latitude.  Because  of  limited  resources, 
only  a small  number  of  points  were  computed.  To  emp.haslze  the  coarse- 
ness of  the  data,  these  points  were  connected  bv  straight  lines.  This 
is  an  average  probability,  i.e.,  the  probability  averaged  over  all  longi- 
tudes and  times.  An  important  conclusion  is  that  constellations  involv- 
ing nine  properlv  phased  satellites  in  circular  orbits  at  60  deg  inclin- 
ation (constellations  II,  III,  and  IV)  provide  worldwide  coverage  with 
a high  probability  of  at  least  one  satellite  in  view  above  30  deg  ele- 
vation. The  probabllltv  increases  with  satellite  altitude.  For  these 
three  constellations,  the  smallest  probability  values  occur  around  30“N 
and  30“S  latitude;  the  probability  at  the  minima  increases  from  about 
0.8  at  10,000  n mi  to  0.95  at  30,000  n mi,  and  to  0.97  at  100,000  n rat. 
For  the  two  higher  altitudes,  it  was  found  that  at  least  one  satellite 
is  alwavs  in  view  above  20  deg  elevation.  Constellations  which  involve 
only  six  satellites  are  unsatisfactory  even  at  129,000  n mi,  the  highest 

X. 

"stable"  cislunar  altitude  (cislunar  orbits  above  130,000  n mi  are  un- 
stable at  60  deg  inclination  because  of  lunar  attraction).  This  is 
illustrated  by  constellation  V,  for  which  the  probability  of  there  be- 
ing one  satellite  in  view  above  30  deg  falls  to  0.73  in  the  equatorial 


These  advantages  are  obtained  at  the  expense  of  communications 
capability  in  the  Southern  Hemisphere.  Thus,  for  six  to  nine  satel- 
lites, only  60  to  90  percent  of  the  time  is  even  a single  satellite 
available  in  the  entire  Southern  Hemisphere  (10  percent  of  time  x the 
number  of  satellites  in  the  constellation), 

^The  word  "stable"  here  means  that  the  variation  in  altitude  at 
129,000  n ml  can  be  held  to  + 10,000  n mi  over  a period  of  5 to  10  yr 
with  less  than  10  percent  of  the  spacecraft  weight  devoted  to  orbit.al 
maintenance.  Furthermore,  the  frequency  and  magnitude  of  thrust 
corrections  would  be  compatible  with  current  technology  and  thus  com- 
patible with  long-life,  reliable  spacecraft.  A more  complete  analysis 
of  stable  orbits  and  implications  for  the  space  vehicle  design  is  be- 
yond the  scope  of  this  study. 


t 


J 


Fig.  22  — Probability  of  one  or  more  satellites  above  30°  elevation  versus  terminal 

latitude  for  seven  satellite  constellations 


Ttu'  siiti'lliti'  is  dosij>noi.l  to  sorvo  any  iisi'r  wltltln  t lio  boam  foot- 
print lornu'ii  bv  tlio  inlorsoot  ion  of  ttio  i liU  oontonr  of  tho  main  loin- 
of  tfie  satolllto  antenna  pattern  anil  tlie  eartli's  surfaee.  for  a flxeii 
antenna  iliameter,  the  size  of  tlie  beam  foolpriitt  or  spot  ileereases  as 
tile  frec|neiu'y  inereases,  Tlie  geometry  of  ttie  spot  is  examineil  in  t lie 
Appendix;  it  is  shown  that  the  spot  is  nearly  elliptieal  if  it  does 
not  api'.roaeh  the  edge  of  the  earth.  To  fourth  powers  of  the  beam- 
width,  it  is  shown  that  the  length,  width,  and  area  of  the  footprint 

(••...  W...  ;>i'd  A , respeet  ivel  v)  are  given  bv  Kqs.  (A.^l),  (A.  If),  and 
r 1'  r ^ 

(A.  18),  wliieli,  eonunltted  to  onr  present  symbology,  beeome: 
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iS  = 1.27  \/D  for  iS  ^ 2(1  deg. 
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A ilifferent  set  of  symbols  is  used  in  the  Appendix.  In  the  Appen- 
dix, the  elevation  angli'  is  denoted  by  a rather  than  (' , the  beamwldth 
by  2t.S  rather  than  iS , the  earth  radius  by  R rather  than  R,. , the  sl.iiil 
range  bv  r rather  than  8,  and  the  length,  width,  and  area  of  the  foot- 
print bv  1), 


II  ’ "l’  rather  than  i.^,. 

This  be.'imwidth  Is  obtaineil  when  the  i I Inminat  ion  of  the  antenna 
is  tapered  ;ind  has  a distribution  (1  — r' ) , where  r is  the  normali/.i'd 
distanee  from  the  eenter  (0  r £ I).  With  this  illumination,  the 
first  sidelobe  is,  t heoret i ea 1 1 y , 24. b ilB  below  the  peak  intensity  of 
the  main  beam  (Ref.  24).  Approximately  the  same  bi'amwidth  Is  obtained 
with  what  is  often  referred  to  as  "10  d8  taper"  illumination.  Narrower 
beams  can  be  obtained  at  the  cost  of  higher  sidelobes;  It  will  be  seen 
later  (Sect  Ion  VI.),  for  example,  that,  for  presently  used  terminals, 

.S  Is  as  small  as  1.0b  X/O. 
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S « sl.mt  from  satolllti'  t >'  i-fiitcr  I'l  loiUpriiU 

^ “ .insular  biMiiiwUltli  in  railians  ll>i>tw«-»'n  lia  1 t'-powor  pnlnts) 

K “ rail  ins  nt  oartli 

I' 

0 ” anp,  li-  »'f  I'U’vatltm 
11  “ sat  o 1 I i 1 1'  a 1 1 1 1 uik' 

P » antiMuia  li  1 amo  t o r . 

In  »'ail(  I'aso,  t lu-  tlist  ti'im  rt'prt'S«>nl  s tin*  valin*  l<>r  an  t'lllptii-al 
lUi'tprint  anvi  is  obtainoii  bv  assnminp  a f lat  i*artli.  rin*  stn'»*«*i*tl  1 np 
tt'ims  ri'prosnnt  tin*  liistortinn  iiniin»*il  bv  1 in*  I ml  1 itp,  t*artb  ciirvat  iiit*. 
riu’  appr»ix(iuat  t*  vaiiu's  I'f  Lj,,  W^,,  aiul  A^,  ai'i*  pKuti'il  in  Kips.  Ji  .iinl 

Kipnro  Ji  pri'Si'nts  tin*  l.'nplb  aiul  wiiitb  i>l  tin*  toi'tprinl,  I'btalnml 
with  .1  4.‘»  m sati'lliti*  .inti'iina  anii  a iO.OOO  n mi  satolliti*  altitmii*,  as 
a tniu'tlon  i»l'  rri'(pn>i\»-v  lor  olovalion  anpli's  at  t bv*  proniiil  st.it  Ion  of 
10,  ill,  ami  Oil  ili'p.  Kipnro  2’t  i I I list  ra  t os  t lu*  aro.i  ot  tin*  lootprint  as 
a IniU'tion  ot  t bi>  samo  paramot  ors . Noto  tin*  bri'.ik  In  tin*  ourvi*  ropro- 
sontinp  tin*  lootprint  lonptb  at  10  Oop  olovation.  Tbo  br»‘ak  oooiirs  .it 
tlu'  point  wboro  tbo  oiipi*  of  tin*  lu-am  fails  off  tbo  o.irtb  (i.<*..  Is 
.ibovo  tbo  bori/.on)  at  lowor  f rotpn'no  i os . in  tboso  o.isos,  K(| . (lO)  ibu's 
not  apply,  .nul  tbo  iinlioatoii  v.ihio  of  l.j,  is  an  approxlm.it  ion.  A simi- 
lar ost  im.'it  ion  is  m.nlo  for  A , aiul  is  iiui  1 o;* t I'll  bv  tbo  liasboil  lino  in 


Fcx)tprint  dimensions  ( 


Fig.  23  — Dimensions  of  beam  footprint  and  angular  beomwidth 
of  satellite  antenna  as  a function  of  frequency 
and  elevation  at  ground  terminal 


Angular  beomwidth  (deg) 
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VII.  SOMK  SYSTKM  ISSUKS 


TIk*  prlni;iry  mission  of  n force  element  is  not  commiinient  ion,  nl- 
tlioupl)  communication  mav  be  essential  to  carrying  out  its  mission. 
Tlierefore,  one  would  prefer  not  to  have  to  modify  the  normal  mission 
profile  (e.g.,  the  altitude,  ranne,  or  altitude)  in  order  to  commtini- 
cate.  In  addition,  the  time  of  tlie  crew  is  usuallv  tiphtly  scheduled 
and,  in  times  of  crisis,  >>reater  concentration  is  demanded  cm  mission- 
related  tunclions,  sci  automaticm  of  the  cc>mmunicat  icTii  operation  to  the 
y.reatest  possible  extent  is  essential.  In  the  following  st»ctions  c>f 
this  repc'i't  , cons  iderat  icm  is  given  to  tbc'sc»  probli'ms  relat  ing  t c' 
111'inting  .ind  tracking  that  arise  at  both  ends  of  tin*  link,  and  to  llie 
compatibility  I'f  commun  i cat  i ons  eciuipmeiU  with  user  jilatfc'rms,  satel- 
lite' cem  f i gurat  ions , and  with  llie  primary  missiems  of  the  users. 

TR^VDEOKK  BETOKEN  COm.EXriT 

ON  TjlJ'f  j{aTEIJ jTk  ANJl  TJIKMINA^' 

'TOci  points  on  the  tradoeiff  curve  between  satellite  and  user  an- 
tenna diameters  were  examined  in  Sections  III  and  IV.  These  points, 
correspond ing  to  satellite  antenna  diameters  of  4.4  m and  1 m and 
terminals  of  0. I m and  10  m,  were  selected  to  meet  the  requirements 
of  small  mobile  users  and  of  wide-band  data  relav  users.  A more  com- 
plete' discussion  cif  this  tradc'ciff  is  presented  here. 

Clearly,  the  small  mobile  user's  probU'ms  are  grc'atlv  alleviated 
bv  using  a larger  antenna  on  the  satellite,  sc>  that  the  user's  beam 
can  be  correspondinglv  broadi'r.  This  east's  bis  pointing  and  tracking 
requirements.  Moreen'er,  the  feasihilit\  of  using  a satellite  commu- 
nicatiems  service  mav  dc'pend  stronglv  on  the'  size,  weight,  or  cost  of 
the'  required  antc'nna  and  its  gimbals.  On  the  basis  of  equipnii'iit  cost 
alone,  the  optimum  tradeoff  point  between  the  sizes  of  the  two  an- 
tennas depends  on  the  number  of  users  served  bv  a single  satellite' 
antenna  over  its  lifetime.  Other  factors  that  must  bi'  considc'rt'd  in 
determining  the  ciptimum  tradeoff  point  include',  fe'r  example,  the  abil- 
ity of  the'  user  lei  accomplish  bis  primary  function  (e.g..  as  me'asure'd 
bv  the'  pre'babllltv  of  mission  success)--a  factcir  which  may  well  push 


tlio  opt  inmm  tt'vuioi'fl  p»>iiU  ti>w.iril  sm;illor  usor  iiiUomias  tliaii  aro  liio- 
tati'il  by  rolativo  antoiiua  oust  alono. 

riio  por formani'i*  tradooft'  botwoon  tho  antenna  sizes  at  the  two 
ends  I't  the  eoimmin  i eat  ions  link,  iiiuli'r  the  eoniiltlons  speeifled  In 
TabK>  (i.  Is  i 1 lust  rat  I'li  by  tl\e  soliii  slopinn  lines  in  Fij;.  in 

this  t'i);ure,  the  required  satellite  diameter,  O.j,,  is  pUuted  ajtainst 
the  terminal  antenna  dlameti'r,  P , for  a data  rate  of  10*'  bps  (e.j;., 

(i0  Time  Oivision  Multiple  Aeeess  (TDHtV)  users,  eaeh  using  digital 
voiee  at  lb  kbpsl  with  an  availability  of  dQ  percent.  Note  that,  with 
a constant  satelllti'  antenna  diameter  of  •it. 4 m,  these  conditions  can 
be  nit't  at  frequencies  up  te>  'll  Ollz  with  a terminal  antenna  tliameter 
of  0.1  m.  At  ■!i8  Oliz,  the  required  terminal  antenna  dianii'ter  increases 
to  0.28  m,  while,  at  101  Ollz,  it  jumps  to  11. d m.  At  the  higher  fre- 
t|ueneit's,  lowt'r  availability  must  therefore  be  tolerati'd  If  the  re- 
ceiver antenna  size  is  to  rt'inaln  constant.  Thus,  with  constant  4.4  m 
and  0.  I m anti'unas,  avallabilltv  falls  to  ^h.l  percent  at  48  Ollz  and 
to  ^4.1  percent  at  101  Ollz  isi-e  Fig.  Ill  (c  and  d)). 

At  smalliT  valiu's  of  satellite  antenna  dianu>t«'i‘,  the  tenninal 
antenna  diaim-ti-r  must  b«'  increased  in  the  manner  depicted  in  order  ti’ 
maintain  the  specified  data  rate  and  outage  values.  Thus,  with  a 1 m 
satelllti'  antenna  (the  value  selected  for  wide-band  data  relav  users 
in  Section  IV).  the  lOl'  bps  data  rate  wovild  require  a receiver  antenna 
diami'ter  of  0.4b  m in  the  20  to  30  Oliz  frequencv  region.  This  Increasi's 
to  14.1  m whi'n  a data  rate  of  liF'  bps  is  required  with  the  same  avail- 
ah 1 1 I tv . 

The  dashed  lines  in  Fig.  21  join  points  of  constant  footprint 
width,  W . The  footprint  width,  and  the  correspond Ing  values  of  the 

P 

1 dB  beamwldth,  of  the  angular  resolution  of  the  transmitting  an- 

tenna, are  Indicated  In  each  case. 

To  Improve  system  performance,  the  satellite  F.IRP  per  beam  may 
be  Increased  beyond  the  assumed  value.  This  provides  excess  margin, 
which  can  be  used  to  obtain  higher  availability  or  a roviltlple-user 
capability  within  the  same  footprint,  rather  than  to  decrease  the  user 
antenna  diameter.  In  the  multiple-user  case,  there  is  a multiple 
access  problem.  TPMA  Is  more  efficient  than  FDMA  (Frequency  Division 


Transmitter  antenna  diameter 
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Multiple  Access);  but  in  both  cases,  the  equipment  ciinip  I ex  i t v ami 
time  required  for  doppler  search  and  frequency  correction  may  be  appre- 
ciably greater  In  the  mil  1 Imeter-wave  band  than  at  lower  frequencies. 

I The  multiple  access  problem.  Including  frequency,  code,  and  phase 

synchronization,  has  not  been  examined  In  this  study. 

I The  employment  of  small  terminal  antennas  .qreatlv  eases  certain 

I problems  encountered  by  small  mobile  users,  as  discussed  in  Sections 

VII I through  XII.  At  the  same  time,  the  correspondingly  larpe  size 
(A. 4 m)  of  the  satellite  antenna  results  In  verv  narrow  beams,  espe- 
cial Iv  at  the  higher  frequencies  (see  Fig.  23).  These  narrow  satel- 
; llte  beams  s ign i f leant  1 v decrease  vulnerabi l i t v to  Interference  bv 

friendly  or  unfriendly  sources.  At  the  same  time,  the  small  foot- 
prints obtained  from  these  beams  permit  increased  frequency  reuse 
t rom  the  same  satellite.  The  advaitt.igos  associated  with  narrow  sat- 
' ellite  be.ams  .ire  obt.iined  at  the  cost  of  Increased  pointing  and  track- 

ine,  .it'i'ur.icy  reqni  remiuits  at  both  eiiils  of  the  1 ink  and  a neeii  for  a 
more  complex  .iiujii  i s i t ion  system,  miiltii’le  be.im  .intenn.is , and  an  auton- 
I'mous  compu  t er-con  t ro  1 1 Oil  .assignment  system  for  .serving  l.irge  numbers 
of  widely  spread,  small  mobile  usi>rs.  The  pointing  and  tracking  prob- 
lem is  discussed  In  .Section  VI 1 1 , Tlie  .ii'qu  is  i t ion  problem  is  a m/ijor 
' I'ne;  whili'  .i  lii't. tiled  treatment  is  beyond  the  sci'pe  of  thi.s  stiuiy,  a 

' tew  comments  ,ire  in  order. 

TllK  AfQUlSlTION  FRObl.KM 

IVo  generic  antenna  arrangements  can  be  employed  on  the  satellite: 
electronically  scanned  or  steered  multiple-feed  or  multiple-beam  an- 
tennas (Including  phased  arr.iys)  , and  mechanic.il  ly  scanned  single-beam 
antenn.is.  Fach  tvpe  has  its  advantages  and  its  problems. 

Multiple-beam  .intennas  h.ive  received  much  attention  during  recent 
(’S) 

I ve.irs.  *■  lliev  usu.illv  involve  an  arr.iv  ol  teed  eU'ments,  I'.g..  horns 

' which  illuminate  .i  lens  .intenna,  »’r  a parabv’lic  or  spherical  reflector 

in  either  .in  offset  or  ('assi'gr.i  in  l.in  .irr.ingement  . Their  gre.itest  . id- 
vantage  is  th.it  the  be.im  c.in  be  stepped  quickly  tin  n.inoseconds  to 
microseconds)  from  one  position  to  .mother  by  switching  ami'iig  the  feed 
eli'ments.  Thev  are,  however,  limited  in  the  degree  to  which  sidelobes 
c.in  be  suppressed,  espi'clallv  when  l.irge  angles  are  sc.inned.  This 

i 
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characteristlc  renders  them  more  vulnerable  to  jamming,  and  so  limits 
their  usefulness  in  military  systems. 

Mechanically  scanned  antennas  can  maintain  very  low  (e.g. , 80  dB 
down)  sidelobes  through  essentially  unlimited  scan  angles.  The 

time  required  to  scan  from  user  to  user,  settle  down,  and  begin  infor- 
mation transfer  (after  frequency,  code,  and  symbol  and  phase  synchroni- 
zation) is,  however,  long  (usually  a few  seconds).  They  are  generally 
limited  in  the  number  of  users  they  can  serve  without  employing  a very 
large  number  of  independent  antennas  (antenna  "farms").  However,  when 
only  short  messages  are  involved,  they  might  be  delivered  without  step- 
ping the  antenna — e.g.,  during  the  course  of  a continuous  raster  scan. 
While  this  essentially  removes  the  limit  on  the  number  of  users  who 
can  be  served,  it  is  efficient  only  if  the  density  of  users  (average 
number  per  spot)  is  high  over  the  area  scanned. 

With  either  type  of  antenna  arrangement,  a communications  link  can 
be  established  in  one  of  two  basic  ways.  In  one  approach,  the  user 
first  directs  his  antenna  beam  at  the  satellite  and  transmits  a brief 
acquisition  message  informing  the  satellite  of  his  location,  his  iden- 
tity, precedence  level,  and  type  of  message  (e.g.,  length);  this  trans- 
mission is  received  by  the  satellite  either  through  a wide  beam,  e.g., 
an  earth-  or  theater-cov<'rage  antenna,  or  through  a scanned  spot  beam. 

The  satellite  then  directs  a beam  at  the  user's  location  and  goes  into 
a search  pattern  surrounding  the  user's  position  until  contact  is  made 
and  a two-way  communications  link  is  established.  In  the  second  approach, 
the  satellite  continuously  scans  the  entire  area  served,  in  either  a 
continuous  or  stepped  scan,  receiving  and  transmitting  messages  as  it 
moves  along.  While  considerably  less  efficient,  this  second  method  may 


be  adequate  for  low  data  rate  communications  in  a dense  user  environment. 


VIII.  POINTING  AND  TRACKING  AT  HIGH  MICROWAVE  FREQUENCIES 

When  higher  frequencies  are  employed  with  a given  antenna  diame- 
ter, narrower  beams  result.  An  extreme  example  is  a laser  communica- 
tions system,  where  the  heamwidths  are  measured  in  microradians.  With 
narrower  beams,  the  acquisition  problem  is  aggravated  and,  after  acqui- 
sition, more  accurate  tracking  is  required. 

We  first  examine  in  this  section  the  general  pointing  and  track- 
ing accuracy  requirements  and  limitations  as  they  relate  to  other  sys- 
tem parameters.  We  then  consider  the  pointing  and  tracking  problems 
peculiar  to  wlde-band  data  relay  users,  small  mobile  users,  and  the 
satellite  station — with  emphasis  on  the  adaptation  to  higher  frequen- 
cies. 

OPEN-LOOP  POINTING  AND  ACQUISITION 

Techniques  for  the  initiation  of  communications  between  a satel- 
lite and  a user  terminal  (acquisition  techniques)  were  mentioned  in 
Section  VII.  In  all  cases,  the  user — knowing  his  own  location  and  the 
satellite  ephemeris — may  begin  by  pointing  a beam  at  the  satellite  in 
an  open-loop  (autonomous)  manner.  This  initial  pointing  must  be  suffi- 
ciently accurate  (usually  to  a few  beamwldths)  to  ensure  illumination 
of  the  satellite  after  only  a nominal  search.  Searching  may  be  accom- 
plished by  mechanically  scanning  or  by  electronically  stepping  the  beam 
(with  the  aid  of  multiple  feeds),  or  by  a combination  of  both.  After 
learning  the  location  (latitude  and  longitude)  of  a valid  user  by  means 
of  the  acquisition  beam,  the  satellite  may  point  a narrow  communications 
beam  toward  the  user  (again  in  an  open-loop  manner),  with  sufficient 
accuracy  to  avoid  excessive  search  time. 

The  solid  angle  which  must  be  searched  is  determined  by  the  loca- 
tion errors  in  the  transmitter  and  receiver  in  conjunction  with  the 
slant  range.  Pointing  errors  will  further  increase  the  number  of  search 
positions.  Assuming  all  errors  to  be  random  and  Independent,  the  re- 
sultant angular  dimension  of  the  field  of  view  to  be  searched  is  the 
root-sum-square  of  the  individual  angular  errors.  Assume  the  satellite 
to  be  at  the  zenith  and  that  the  search  field  is  small.  Then: 


II  IJIJ  I IllJUi* 
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R) 

+ (AO  V 

\ H / 

\ 

and 

Afi  = A9  AO  , 

X y 

where  Ax„,  Ax  = x-components  of  the  error  in  the  location  of  the 
1 K 

transmitter  and  receiver,  respectively 
A0^^  = x-components  of  the  angular  pointing  error  Intro- 
duced by  errors  in  attitude  reference,  mechanical 
linkage,  etc. 

H = satellite  altitude 
Ail  = solid  angle  which  must  be  searched 

A6  , AO  = angular  dimensions  of  the  field  of  view  which  must 
X y 

be  searched,  measured  in  the  x-  and  y-directlons, 
respectively. 

Equations  (14)  and  (15)  show  the  relation  between  the  required  solid- 

angular  search  area,  Afl,  and  the  errors  in  location  and  pointing.  The 

search  area  is  also  related  to  the  search  time,  T , bv 

s 


(14) 


(15) 


Afi  t 


T = 
s 


^‘b 


(16) 


where  t^  = stepping  time  of  the  beam  from  one  search  position  to  the 
next,  including  the  dwell,  transit,  and  settling  times 
An  = solid  angle  subtended  by  the  main  lobe  of  the  search 
beam. 

Equations  (14)  and  (15)  may  be  combined  to  yield 

2 2 

, ^<3  ^b 

AO^ 
xp 


t . \ H ' \ H 


(17) 


Errors  in  satellite  location  are  determined  by  errors  in  the  ephemeris 
and  timing.  The  error  in  the  ephemeris  is  a function  of  the  length  of 
time  the  satellite  has  been  tracked  and  the  tracking  system  accuracy. 
Similarly,  the  error  in  the  position  of  the  small  mobile  user  depends 
on  the  accuracy  of  the  navigation  system  employed.  With  the  deployment 
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of  the  Global  Positioning  System  (GPS)  after  1985,  both  the  user  and 

the  satellite  locations  may  be  determinable  to  10  to  20  m. With 

a satellite  altitude,  H,  of  30,000  n ml,  both  Ax  /H  and  Ax  /H  would 

I K 

then  become  negligible,  in  which  case  the  required  pointing  accuracy 
would  depend  only  on  the  time  allowed  for  search,  the  beamwldth,  and 
the  stopping  time. 

To  illustrate  the  application  of  Eq . (16)  in  this  case,  consider 
a 0.1  deg  beam  for  which  the  stepping  time,  t^,  is  0.1  sec.  If  100  sec 
iire  available  for  search,  the  open-loop  pointing  error  may  then  be  as 
large  as  3 deg. 

The  pointing  accuracy,  in  the  case  of  mobile  users,  is  limited  by 
the  accuracy  of  the  attitude  refereiice  system  I'lnploved.  This  perform- 
ance will  he  discvissed  later  in  tliis  section  for  the  three  stations 
of  interest. 

Tracking  may  be  accomplished  vising  either  a satellite-borne  bea- 
cim  signal  iir  the  communication  signal  itself.  Monopulse  techniques 
are  usually  employed  to  generate  the  error  signal,  but  a conical  scau^ 
is  used  in  some  systems.  Present  tracking  techniques  may  be  extended 
to  higher  frequencies  without  change.  The  tracking  accuracy  is  limited 
bv  the  shape  of  the  main  lobe  and  the  s Ignal-to-noise  ratio.  The 
narrciwer  beams  obtained  at  higher  frequencies  generate  usable  error 
signals  with  small  displacements,  and  so  permit  higher  tracking  accu- 
racy— with  other  parameters  remaining  unchanged.  In  Sections  III  and 
IV,  a value  of  10  lias  been  assumed  for  Ej^/N^^,  which  is  an  adequate 
signal-to-niiise  ratio  for  most  tracking  purposes. 

ANTENNA  B P/V'fW I DTllS  AND  DS GS  TERMINAL  R I 

As  ncited  abiive,  biith  the  pointing  and  tracking  requirements  are 
closely  rt'lated  to  the  antenna  beamwidth,  iS , which  dv'creases  at  higher 

* 

It  was  found  in  Section  V that  a constellation  involving  nine 
satellites  at  10,000  n mi  altitude  and  60  deg  inc  1 inal  ii'>n  pnivided 
wfirldwiih’  coverage  above  30  deg  elevation  about  67. s percent  of  the 
time.  This  altitude  is  selected  as  a reference  altitude  in  the  re- 
mainder vif  this  report. 

See  Ref.  27.  pp.  1 75- 1 84. 

"^See  Ref.  27,  pp.  166-I75. 
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I r <'<nu"ni' li'S  . Tin-  .ictiiiil  v.iliu'S  ol  this  (ju.'intltv,  ohl  .1 1 nnl  from  Ki| . 

',  1 1),  .'ll'  prosontod  tn  Kl^.  '2t.  for  (.ohvimi  i oiu-i’ , I lio  v.iluos  ol  'S  tor 
( lio  I ro<,iu'iu' I os  siiil  il  i, lino  tors  of  spt'ol.il  liitoii’sl  lioro  .iro  shown  In 
r.ihlo  1(1. 

T.iMo  10 

KKAMWI  IVniS  i'OK  Sl'.l.KC'l'KO 
ANTKNNA  IHAMKTl'.KS  ANO  r’RWIUKNC  1 KS 
(I'oproos) 


I'roipu'nov 

fCllz) 


Ol.imolor  (m) 


1.0  1 
0.  /Os 
O./tlS 
0..'lh 
0.  l.'o'i 

O.OS'.’ 


0.2  lA 

0 . 1 (lO 
0,101 
().0/*9 
0.0  11 
0.01 » 


0.10  1 

0.0 /OA 

0.0.'t‘'i'i 

O.O.'K) 

O.Ol-'o't 

0.0082 


I'ho  v.irlous  Oofonso  S.ilollilo  Oonnmin  1 0.1 1 I ons  SvsIom  (OSOSl  li'rmi 
n.ils,  whioh  opor.ilo  .ironiiil  8 (111/,  provlilo  .1  oonvonii’iil  ii'foronoi’  poin 
foi  .1  Olsonssli'ii  ol  I ho  nso  of  hip.hor  f roipiono  1 os . Tin'  oloolronlo 
ih.ir.io  I I'r  I St  I os  of  roproson  I nl  I vo  OSCS  (ormlnals  nro  pri-sontoO  In 
f.ihlo  11.  1 no  huloil  .'ill'  I ho  I’Ixoil  S.ilollilo  Ooiramin  1 0,1 1 I on  lorralnnl 

(l'■S0-/81,  I ho  Moll  I 1 o S.ili'lllto  Commnn  I onl  ion  lorralnnl  (NSO-lill,  Iho 
I'r.insporl  nh  1 o S.ilollili'  (lorarann  lo.il  Ion  lorralnnl  (TOC-Sti),  .1  Croimd 
Moll  1 1 o foroos  (OMl'l  li'rraln.il.  two  Wnior-horno  (sh  i phonrO ) S.nli'llllo 
I'omrann  i 0.1 1 ion  l^•rmlnnls  (WS('.-2/(V)  I .niul  niul  .in  Airhorno  S.ilol- 

11(0  (onminn  1 0.1 1 I on  lormln.il  (A.S0-2t).  Nolo  Ih.il  Iho  l-o  Irnokinj’, 

■It  mo.is  I I om  O.O'i  lo  0..'/  tn'.iraw  I ill  h . I'ho  .inlonnn  lllnralnntion 

It  (,'  t>.  I h.is.n  lo  violil  n.irrow,  hlp,h-p..iln  lionnis  with  h I p,h  olfi- 
- t t im  I ho  sm.illnoss  of  iho  lopo.loil  v.i.  nos  ( .ivo  rnp  I np. 

III.’  I.’llowinp  0(111. r ' : 


(V)2  ASC-24 


tandard  measure  of 


WIPE-BAND  DATA  RELAY  USERS 

Wide-band  data  relay  users  may  require  data  rates  as  high  as  10^ 
bps,  and  therefore  employ  larger  antennas  than  small  mobile  users.  In 
Section  IV,  the  availability  of  a downlink  with  a 10  m terminal  antenna 
in  conjunction  with  aim  satellite  antenna  was  estimated  as  a function 
of  data  rate.  When  a cooled  parametric  amplifier  is  used  in  such  a 
link,  in  conjunction  with  coherent  modulation,  the  estimated  availabil- 
ity at  data  rates  of  10®  and  10®  bps,  respectively,  at  30  deg  elevation 
(obtained  from  Fig.  18)  is  shown  below: 


I'requency 

(Cllz) 

Estimated  Availability 
(percent) 

At  10®  bps 

At  10®  bps 

21.2 

S9.9 

99.5 

il 

99.8 

99.4 

.i8 

99.1 

98 

101 

98 

97 

l'S2 

98 

9 b 

2 hi 

97 

94 

No  f unilamont  a 1 problems  arc  ant  io  ipat  oil  in  Ji'vo.l  op i ng  t.ou'm  i na  1 s 
w i t li  antennas  as  large,  .is  evi-n  20  m for  oper.it  ion  at  .it1  Oil;’..  lliglu'r 
tr.ieking  .le.eur.iey  would  be  reiiuire.d  at  the  liiglier  1 reipie.ney ; i;\\Messed 
.IS  .1  t'r.ict.lon  of  a beamw  id  t;li , liowcver.  i;he  required  laaekinp,  aeenr.uy 
is  i ndeiH.'iident  of  freipu'iiev,  so  no  I'undamen  t;a.l.  t'.racking  problems  .ire 
• 111  t i i’.  i pa  t ed . To  illnstr.ite  the  tiaicking  accuracy  .leh  I evil’ 1 e with 
equipment  ot  this  n.iture,  it.  is  lu’tctl  that,  tlie  .AN/ TI’.S-.l  6 r.id.ir,  v.’itli  ,i 
12  ft  antenn.i  .ind  a be.imwidtii  of  1 . .1.  deg,  h.is  syst:em.itic  and  raiuii’m 
tr.ieking.  ei'rors  of  O.OO'’/  deg  e.acii  wlien  the  s igna  i - 1 o-no  i se  ratio  is 
■ It  le.isi  20  The  AN/iT’t)-18  SN-5  r.idar,  with  a 0..'*  deg,  beam, 

h.is  .1  r.iinlom  tr.ieking  e.rri’f  of  0.(.'028/  deg.  The  RO.A  Mi.’b  i 1 1'  Med  i nm- 
K.ini’.e  Traeking  Kad.ir  System  has  a tracking,  accuracy  of  0.002  deg,,  with 
.1  be.imwiilth  of  1.2  lU'g.^'’^  Noti'  that  the  l.rai'king,  errors  ol  tliese 
svstems  .ire  well  under  one-hund  ri'd  t h of  a beaiin\' i d t li . 

U'ide-b.iiul  d.ila  rel.iv  iisi'i's  mav  be  al' 1 e 1 1’  devote  cons  i der.ib  1 <- 
t ime  to  the  searcli  process,  since  thev  seldom  need  to  perli’rm  this 
I ,isk  with  iieos  1 .1 1 i on.ir  V s.ilellites.  riius,  SO  min  is  .i  1 1 oweil  tor 
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acqulsltion  (including  warm-up)  in  the  case  of  the  FSC-78  terminal. 

It  can  be  seen  from  Eq . (17)  that,  in  this  case,  the  permitted  open- 
loop  pointing  error  may  greatly  exceed  the  beamwidth. 

On  the  other  hand,  astronomical  telescopes  have  demonstrcited 
open-loop  pointing  errors  which  are  much  smaller  than  the  narrowest 
beamwidth  listed  in  Table  10  (0.0082  deg).  Thus,  for  example,  the 
millimeter-wave  radio  telescope  at  Onsala,  Sweden,  has  an  aper- 

ture of  20  m and  can  be  pointed  with  an  rms  accuracy  of  2 sec  of  arc 
(0.00056  deg),  which  is  less  than  one-fifteenth  of  the  narrowest  beam- 
I width  considered  here.  The  task  of  astronomical  telescopes  is  some- 

what simplified,  of  course,  by  the  fact  that  the  target  location  is 
accurately  known,  and  the  onlv  tracking  required  is  that  needed  to 
!■  overcome  the  effect  of  the  earth's  rotation.  This  is  usually  accoin- 

. plished  by  uniform  drive  of  an  equatorial  mount. 

Pointing  an  antenna  at  a moving  satellite  from  a stationar)'  plat- 

: 1 ' 

form  is  a more  difficult  task  tlian  that  faced  by  astronomers,  but  is 
still  relatively  straightforward.  The  ephemoridos  of  tin;  satellites 
shouUl  preferably  be  stored  in  a computer,  together  with  t:ho  location 
and  att.itnde  of  the  platform.  This  information,  together  with  the 
r time  of  day,  )H‘;rmits  calcui.afion  of  the  1 ini-  iif  .sie.ht  te  the  .satoilite. 

> With  geostationary  satellites,  the  peinting  and  traeking,  prehlems  are 

( minimal.  With  satellites  in  high-altitude  inelineu  ethits,  hevv't'ver. 


the  pi.iinting  ainl  ttacking  oitoratioiis  must  e.\tc'nd  iivei  t hi.'  entire  sky 
■ ihove  3i.>  deg  elevation.  I'h  i s may  lead  te  eons  i der.ib  1 e adtied  cost  .nu! 
iiu-onven  i ence  , but  the  angular  rates  invevlved  ate'  so  low  that  little 
loss  in  acenr.icy  should  resu.'t.  This  can  he  seen  I’roin  I'ig.  27,  wiiich 
pri'Seiils  tlie  maxinuim  (overhead)  angular  rales  for  t.lu'  orbits  discussed 
ia  Seeticin  V.  ll.indov(.’r  from  one  satellite  te  the  next  will  he  re- 
([uired;  this  .idds  to  system  com|)lexity,  hut  should  havtj  little  imi'aet 
on  point  ing  or  traeking  accurae.y. 

SM.M.I,  MOKILk  I’SI  KS 

Mi'hilf  DStlS  terminal;;  ineinde  the  shi|ihe,ird  U’St'.-2/ ( V)  1 and  (VM. 
ami  t h.'  airlieriii’  ASO.’V  terminal,  wliii'h  lias  a 11  in.  anti-nna  (TaMi' 
II).  .Nnli'iinas  et  this  si  a'  e.iii  en  1 v lie  ae  cemnuid.i  I ed  on  larger  ships 
.111,1  aitei.ift,  as  il  i Si  aiss,  li  in  td'olien  IX.  When  Iny.i’r  s.uellile 
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! 

If 

1 


antennas  are  employed  at  higher  frequencies,  smaller  user  antennas 
will  suffice,  in  which  case  the  satellite  communication  service  can 
be  extended  to  smaller  vehicles.  Thus,  in  the  baseline  system  dis- 
cussed In  Section  III,  relatively  small  (A  in.,  or  10  cm)  antenna 
diameters  wi>re  postulated  for  small  mobile  users.  As  a result,  the 
beamwidths  are  larger,  so  that  the  terminal  pointing  and  tracking  re- 
quirements are  less  strict  than  those  for  the  OSCS  terminals,  despite 
the  fact  that  higher  frequencies  are  employed.  Thus,  with  a 10  cm 
antenna,  it  is  seen  from  Table  10  that  the  small  mobile  user  beam- 
width  ranges  from  0.82  deg  at  2b5  GHz  to  10.3  deg  at  21.2  GHz.  More- 
over. I iu'  antenna  mass  wtiich  must  be  stabilized  is  much  smalli-r,  great  Iv 
r»‘du«'ing  llie  cost  of  the  stable  platform. 

As  with  the  OSCS  terminals  on  mobile  platforms,  however,  compli- 
cation;; arise  from  the  fact  that  tlie  user  veltlcJe  (an  aircraft,  siiip, 
oi'  ground  velilclc)  will  prolvihly  t?e  movinj’,  both  in  translation  and 
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ion 

and  tii  s own  att  itiule.  As  wi.tli  fi'xed  nsoM'S  , the  salclliti’  local  ion  iiiav 
ho  oi'tained  wit.li  tlic  aid  of  conipn  te  r- s to  real  oidicnier  i s d.ila  and  a clock. 
I'tio  inior's  loc.ition  and  .atti  taule  may  be  determined  wii.h  t lie  aid  ot  an 
liUMlial  Navic.ation  Systonii  (INS)  or  the  GPS  system  mentonud  abo\i-. 

I'hi;  accuracy  wildi  which  the  li'cation  of  the  small  nuab  i 1 «•  plal.ioim 
mnsl  hi'  known  is  quite  modcsl  al  1 ho  salcllite  altitudes  consid.ciod 
above.  rhns,  wilh  a salcllilc  .illilndc  of  30,000  n mi.  a 30  n mi  na\' i 
I'.ation  orror  would  inlrodnco  a m.iximnm  poinlinc,  error  f't;  0.057  dei',. 

I'h  i s is  small  compai'cd  wilh  t ho  hoamwidlh  of  a 10  cm  antenna,  even  at; 
tile  hijUiest  freqneiu'v  considered  in  I'alilc  10.  I'liis  navigat  ion  arcni  acy 
would  also  he  adequate,  at  le.ist  at  t lie  lower  f ri'qnonc  i os  . tor  iulotan- 
ing  tiio  s.itollito  of  the  user's  location  since,  with  a A . m anti.'un.i, 
tile  widtli.  or  small  dimmision,  of  the  satellite  hc.ira  footinint  ranges 
from  I i n mi  at  1 . J GH/  to  33.7  n mi  ,it  lill  till.’  (sec  Kig.  3 if  at  'hi 
deg  i- 1 ovat  ion  . 

Till'  .iccnracv  wilh  whlcli  t lie  attitude  of  t lie  usi-r  j'latlorm  iiunO  ho 
known  is  dot  erra  i lU'd  l;v  tlu’  user  heamwidtli  and  t lie  size  of  tlic  angnlat 
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field  which  can  be  searched  in  the  time  available.  Ideally,  the  atti- 
tude error  should  be  smaller  than  the  beamwidth  which,  as  seen  from 
Table  10,  ranges  from  0.82  deg  at  265  GHz  to  10.3  deg  at  21.2  GHz  when 
a 0.1  m terminal  antenna  is  employed.  Attitude  accuracies  of  this 
magnitude  present  little  challenge  to  most  attitude  reference  systems. 

Navy  carriers,  cruisers,  and  submarines  have  Shipboard  Inertial 
Navigation  Systems  (SINS)  whose  accuracy  greatly  exceeds  that  needed 
for  communication  when  a 0.1  m antenna  is  employed.  Small  Navy  ships 
and  ground  vehicles  provided  with  pendulous  gyros  and  magnetic  com- 
passes could  provide  attitude  information  with  an  accuracy  of  1 to  2 
deg  at  a cost  of  $6,000  to  $8,000.  A strapped-down  heading  and  refer- 
ence system,  with  an  accuracy  of  0.1  to  0.25  deg,  could  be  provided 

■k 

at  a cost  of  $25,000  to  $30,000.  This  accuracy  is  more  than  adequate 
for  communications  systems  employing  10  cm  antennas.  At  a cost  of 
$40,000  to  $50,000,  an  accuracy  of  about  0.03  deg  could  be  achieved. 
This  would  suffice  if  considerably  larger  communications  antennas 
were  emploved  (assuming  that  spniie  could  be  found  for  tlu'ro  on  small 
veh  ides)  . 

The  angular  rates  of  roll,  pitch,  and  vaw  of  sm.i.l  1 mobile  termi- 
n.ils  greatly  e.xc.oed  the  angul.ir  rates  of  the  line  of  sight  to  tin 
satellite.  This  can  be  .seen,  in  the  ease  of  Navy  ships,  by  eiunpariu" 
tbe  data  presenti'd  in  Fig.  27  with  that  in  Table  12.  Thus,  the  roll 
r.ates  of  ships  in  heavv  seas  range  from  8 to  2i  cieg/see,  wlu-re.is  the 
miiximnm  angular  rate  of  the  line  of  sight  to  a .satel!  ite  in  .am-  of 
the  orbits  eonsidi'red  in  Section  IV  is  0.04  deg/soe.  (ibis  worst  i-.ise 
is  for  a 24  hr  elliptical  orbit  ohstTved  overhead  .it  perigi’e.)  I'he 
roll  rate  thus  exceeds  the  maximum  ) i ne-o f - s igh t rate  hv  a f.ie.tor 
ranging  from  200  to  500.  i’he  angul.ir  rates  of  ground  vehii-.les  and 
aircraft  can  be  higher  than  that  of  shi|)s.  so  tlu'v  .also  consi  deral' I v 
exceed  the  angular  rates  of  the  satellites  considered.  UV>  eondude 
that  no  .additional  hardship  due  to  tracking  is  imi'osod  lui  mi''h  i 1 o users 
bv  abandoning  geostationary  orbits  in  order  to  avoid  low  <'!ev..ilion 
angles,  for  the  reasiMis  discu.ssod  in  Seition  111. 

* 

Private  eommun  i ca  t ion  f rcim  personiu'l  of  the  Kearfotl  hiedsien  oi 
S inger-Cenera 1 Precision,  Inc.,  I.ittle  Falls,  Niw  dersey. 
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ANGULAR  MOTION  OK  SHIPS' 


Modium  Ships 


Period,  sec 
Amplitude,  deg 
Maximum  roll  rate 


Pitch 

Period,  sec 
Amplitude,  deg 
Maximum  pitch  rate 


Period,  sec 

Amplitude,  deg 

Maximum  yaw  rate,  deg/sec 


"Major"  ships  here  exceed  10,000  tons 
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Sotellite  attitude  reference  systems 
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The  simplest,  but  least  accurate  system  (designated  as  "bias  mo- 
mentum" in  Fig.  28)  combines  a horizon  sensor  and  a gyrocompass.  The 
horizon  sensor  provides  roll  and  pitch  information  with  a 3-o  accuracy 
of  about  +0.1  deg.  The  gyrocompass  indicates  yaw  with  an  accuracy 
which  decreases  with  increasing  altitude.  At  10,000  n mi,  the  3-a 
accuracy  is  + 0.2  deg;  this  falls  to  + 0.3  deg  at  synchronous  altitude, 
and  to  about  +0.5  deg  at  30,000  n mi  altitude.  When  the  user  eleva- 
tion is  30  deg  (worst  case),  the  area  which  must  be  searched  from  30,000 
n ml  altitude  then  approximates  a rectangle  of  angular  dimensions  0.2 
deg  X 0.21  deg.  This  type  of  system  is  used  on  the  FLTSATCOM  and  TIROS 
satellites.  Its  employment  in  the  base  case  downlink  (discussed  in 
Section  III)  would  Introduce  the  need  for  only  a moderate  amount  of 
search.  Assuming  changes  in  satellite  attitude  during  the  search  pro- 
cess to  be  negligible,  or  to  be  corrected  for,  the  approximate  number 
of  beam  positions  which  would  have  to  be  searched  with  this  attitude 
reference  system,  operating  from  30,000  n ml  altitude,  is  as  follows: 
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It  appears  that  this  s vs  tern  would  be  adequate  tor  use  in  t hi'  "base 

easi,"  at  liMst  .it  tlie  lower  t requenc  i es . While  simple  in  concept. 

tliis  svstem  is  not  inexpensive;  tlie  estimated  reenrrini',  cost  Ifuture 

models  .liter  the  nonrecurring  researeh,  development,  test,  and  evalu- 

•k 

.It  ion  eoot  tKO  IWKl  1 is  , t'OO  . 

The  addition  of  a digital  sun  sensor  to  this  simple  attitudi' 
leteri'iiee  svstem  improves  tlie  aeeuraev  bv  about  .in  order  of  m.ignitude, 

* 

I’rivate  eommuuie.it  ion  with  pi'isonnel  of  the  Avionies  llivision, 
Honevwell  t'orpor.it  ion , St.  Petersburg,  Florida. 
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yielding  a l-o  error  of  0.01  deg  in  roll  and  pitch,  and  0.03  deg  in 
yaw.  An  arrangement  of  this  type  is  used  in  the  Digital  Attitude 
Reference  System  (DARS),  which  is  planned  for  future  use  by  COMSAT. 

This  system  would  be  suitable  for  use  with  the  downlink  employing  the 
4.4  m mirror  reflector  discussed  in  Section  III.  The  estimated  cost 
of  a system  of  this  type  with  a 7 to  10  yr  life  is  about  $1  million. 

The  addition  of  stellar  sensors  to  the  DARS  system  can  Improve 
the  accuracy  by  another  one  to  two  orders  of  magnitude.  An  example 

■k 

of  this  is  tbe  Precision  Attitude  Determination  System  (PADS,)  which 

is  used  on  the  Defense  Meteorological  Support  System  (DMSP)  satellite. 

This  device  achieves  a 1-c  accuracy  of  0.0014  deg  in  all  three  axes 

at  a cost  of  approximately  $2  million. 

A second  example  of  stellar- inertial  systems  is  the  Space  Sectant- 

Attltude  Reference  System  (SS-ARS) , which  is  presently  under  develop- 
(39) 

ment.  Since  this  system  promises  to  yield  very  high  accuracy  at  a 

reasonable  cost,  it  bears  special  mention.  The  SS-ARC  employs  two 
sensors  to  measure  the  angle  between  the  moon  and  selected  stars.  On 
the  basis  of  this  information,  plus  Information  on  the  noon's  ephemeris 
aiid  time,  an  onboard  computer  reads  out  attitude  with  a l-o  accuracv 
of  0.6  sec  of  arc  (0.00017  deg)  within  15  min.  (Satellite  position  is 
also  determined  with  an  error  of  less  than  1 ml . ) This  accuracv  far 
exceeds  that  required  for  any  presently  contemplated  microv,  ,'e  communi- 
cations systo;m,  since  the  stated  accuracy  represents  only  ono-t  'r.ch  of 
a bc.ir.iwidtb  tor  a 50  m antenna  at  265  GHz.  Attractive  featuie;  of  'he 
SS-ARS  inclu..li'  the  that  it  Is  cor.i;'leteIy  autonomous,  small  (L  9^ 

low  powoi-  (45  W)  , and  light  weight  3 1'-').  It  is  immiine  to  radio  fre- 
quenr.v  interference  and  jamming,  and  to  severe  nuclear  envi  ronments . 

It  e.ont.iins  no  hif.h-risk  components  and  is  expected  to  have  a 5 yr  life 
in  th('  sj'aco  en\  i tonrent. . It  also  will  operate  sat  is ‘‘ac  tor  i 1 v on  a 
mnouvor  ing  ^:p.u:ecrnt  t . Ihc;  Air  Force  plans  to  implement  this  svstem 
in  the  near  future  with  an  on-orbit  demonstration  planned  lor  1979  or 
|9Sti.  the  estimated  cost  is  three-quarters  of  a million  dollars. 

Attitudi'  accuracy  .ilways  can  be  traded  for  in.  ten  d search  t'  in. 
Ih  i ■:>  is  a profital’le  approacli  when  t.ipid  seam  !i  is  n.-^ " i i e , as  with 

Priv.iLe  communication  with  porsonnel  of  t !:o  Avionl.  Divi.iion. 
Honeywell  Corporation,  St.  Pctersbui;-,  Plot  id  i. 
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an  electronically  stepped  beam  or  when  a small  reflector  does  the 
scanning.  The  search  rate  can  be  increased  by  broadening  the  re- 
ceiver search  beam  while  simultaneously  decreasing  the  post-detection 

bandwidth  in  order  to  preserve  slgnal-to-noise  ratio.  This  approach 

★ 

has  been  proposed  for  use  with  laser  communications  systems. 

Many  of  the  preceding  attitude  reference  systems  have  consider- 
ably mo’^e  accuracy  than  is  required  for  the  present  application,  and 
one  might  hope  to  design  a si.i-q>ler,  less  costly  system.  It  appears, 
however,  that  significant  cost  reductions  are  difficult  because,  in 
order  to  meet  the  requirement  for  a 5 to  10  yr  lifetime,  all  of  the 
systems  require  at  least  three  (preferably  four)  gas-bearing  gyros, 
each  of  which  costs  $50,000.  In  addition,  horizon  sensors  of  the 
scanning  type  cost  approximately  $175,000,  while  those  of  the  "staring” 
type  cost  twice  as  much.  The  staring  horizon  sensors  have  no  moving 
parts,  and  so  promise  a very  long  lifetime;  they  also  have  an  esti- 
mated accuracy  of  a few  hundredths  of  a degree  when  operating  from 
30,000  n mi. 

It  is  concluded  that  long-lived  satellite  attitude  reference  sys- 
tems are  very  expensive  (more  than  half  a million  dollars)  even  when 
the  accuracy  is  "nominal"  (a  few  tenths  of  a degree).  The  extra  cost 
needed  for  the  ten-fold  improvement  in  accuracy  associated  with  opera- 
tion at  the  higher  frequencies  appears  to  be  relatively  small.  The 
digital  sun  sensor,  for  example,  costs  only  about  $70,000. 

"vV  — ' 

■'i  i.vate  communication  with  personnel  of  the  Barnes  Engineering 
oration. 
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IX.  COWATIBILITY  OF  HIGHER  FREQUENCY  TERMINALS 
WITH  USER  AND  SATELLITE  PLATFORMS 

In  examining  the  feasibility  of  employing  the  higher  frequencies 
in  satellite  conmmnications  systems,  an  important  consideration  is  the 
compatibility  of  the  communications  equipment  with  the  satellite  and 
user  platforms.  This  factor  is  particularly  important  when  considera- 
tion is  given  to  extending  the  communications  service  to  large  numbers 
of  such  users  as  small  sliips,  small  aircraft,  and  ground  vehicles. 

Such  platforms  impose  tight  constraints  on  the  weight,  size,  power, 
and  location  of  the  communications  equipment.  These  constraints  are 
examined  in  this  section.  The  availability  and  performance  of  radomes 
and  antennas  suitable  for  the  higher  frequencies  are  also  discussed. 

The  weight  and  size  of  the  satellite  station  must  be  considered  in 
relation  to  the  space  shuttle,  which  has  a cylindrical  payload  chamber 
15  ft  in  Inside  diameter  and  60  ft  long  and  can  carry  6000  to  7000  lb 
to  either  geostationary  orbit  or  into  a circular  orbit  with  an  altitude 
of  30,000  n mi  and  an  inclination  of  60  deg.  (The  latter  orbit  is 
attractive  because  it  provides  worldwide  coverage  with  elevation  angles 
at  the  user  which  nearly  always  exceed  30  deg,  as  shown  in  Section  V.) 

SIZE  AND  LOCATION  CONSTRAINTS 

Presently  planned  (DSCS)  SHF  mobile  ground  terminals  are  costly 
and  bulky — hence,  they  are  limited  to  the  larger  vehicles.  Four-  and 
eight-ft  antennas  are  employed  on  ships,  and  33- in.  antennas  on  air- 
craft (see  Table  11).  Emphasis  is  on  geostationary  satellite  orbits, 
which  dictate  the  use  of  low  elevation  angles  for  high  latitude  users. 
In  such  cases,  obstruction  of  the  antenna  beam  by  other  components  and 
structural  members  (e.g.,  the  superstructure  on  a ship)  is  a serious 
problem,  often  demanding  dual  antennas. 

Many  of  these  compatibility  problems  are  alleviated  In  the  "base 
case"  downlink  discussed  in  Section  TIT.  The  "base  case"  antenna  Is 
4.4  m In  diameter — the  largest  diameter  compatible  with  the  space 
shuttle.  This  large  satellite  antenna  permits  the  use  of  very  small 
(10  cm)  terminal  antennas.  Elevation  angles  below  30  deg  are  avoided 
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through  selection  of  a satellite  constellation  Involving  hlgh-altitude 
Inclined  orbits.  It  was  shown  In  Section  III  that  adequate  performance 
for  many  applications  can  be  achieved  with  this  system.  Thus,  It  is 
seen  from  Fig.  10  that,  at  30  deg  elevation,  a data  rate  of  10°  bps  Is 
possible  with  estimated  availabilities  which  range  from  98.9  percent 
at  31  GHz  to  89  percent  at  265  GHz. 

The  small  size  of  the  terminal  antennas  employed  in  this  base  case 
system  permits  their  use  on  smaller  user  platforms  than  are  presently 
contemplated  for  SHF.  Considerable  flexibility  in  antenna  placement 
would  be  available,  so  that  obstruction  by  other  components  of  the 
platform  could  be  avoided.  Even  with  small  ships  and  ground  vehicles, 
no  compatibility  problem  due  to  antenna  size  should  arise. 

With  aircraft  platforms,  the  drag  due  to  a projecting  radome  would 
be  reduced  to  negligible  proportions.  The  "radome"  could,  in  fact,  be 
a conformal  window,  flush  with  the  aircraft  skin.  Figure  29(a)  depicts 
the  geometry  involved,  and  Fig.  29(b)  is  a schematic  diagram  of  the 
arrangement.  Allowing  for  a clearance  of  one  wavelength  between  the 
edge  of  the  beam  and  the  aircraft  skin,  the  required  diameter,  W,  of 
the  opening  in  the  skin  is  given  by 

W = 2 B cot  0 . + D CSC  6 . + 2 X esc  0 . , (19) 

min  min  min 

where  B = depth  of  beam  pivot  point  beneath  the  aircraft  skin 

D = antenna  diameter 

®min  ” “liiiiroum  allowable  angle  of  elevation. 

Figure  30  presents  the  calculated  value  of  W as  a function  of 

0 . for  the  case  in  which  a 10  cm  antenna  is  mounted  as  close  as 
min 

possible  to  the  surface  (B  = D/2).  It  is  seen  that  a 40  cm  (16-in.) 
window  would  then  permit  operation  down  to  30  deg  elevation;  at  lower 
angles,  the  required  size  increases  rapidly. 

Such  an  arrangement  would  avoid  the  problems  faced  by  external 
radomes,  e.g.,  aerodynamic  drag  and  erosion  by  raindrops.  The  cost 
would  also  be  small  relative,  for  example,  to  that  of  the  AN/ASC-24 
radome  on  the  E-4  aircraft,  which,  in  order  to  accommodate  its  33-ln. 
antenna,  is  6 ft  wide  and  18  ft  long. 

10®  bps  is  sufficient  to  provide,  for  example.  Time  Division 
Multiple  Access  (TDMA)  digital  voice  at  16  kbps  to  60  users. 


Fig.  29 — Conformal  rodome 
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Fig.  30  — Width  of  conformal  aircraft  radome  as  a function  | 

of  elevation  angle  and  frequency  i 
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Wo  coni'Uult'  that  no  significant  size  or  location  constraints  an* 
Introduced  by  operating  at  higher  frequencies  up  to  data  rates  of  1 
Mbps.  Indeed,  If  a sufficiently  large  antenna  can  he  used  In  the 
satellite,  the  user  problems  are  eased  so  that  a wider  use  of  satel- 
lite communications  becomes  feasible.  If  the  required  data  rati*  corre- 
sponds to  only  one  to  three  voice  channels,  a 1 m diameter  satellite 
antenna.  In  combination  wltli  a 0.1  m terminal  antenna,  would  suffice. 

WF-IOtlT  AND  POWKR  C-ONSTRAlN't'S 

In  examining  the  compatibility  of  communications  stations  wltli 
the  user  platforms,  two  generic  components  of  the  former  must  be  con- 
sidered: the  antenna  and  the  electronics.  In  the  systems  postulated 

above,  the  antenna  poses  no  weight  problems  for  the  small  mobile  usei 
since  the  diameter  consldi’red  for  It  was  small  (0.1  m) . The  antennas 
employed  by  the  wlde-band  data  relay  user  are  fixed  and  require  only 
limited  mobility;  In  any  event,  no  increase  in  size  would  be  associ- 
ated with  a switch  to  higher  frequencies.  The  diameter  of  the  satel- 
lite antenna  (4.4  m)  was  chosen  to  fit  into  the  space  shuttle  and 
should  Introduce  no  weight  problems.  The  assembly  of  antenna  "farms" 

In  space  could,  however,  present  a fairly  complex  engineering  problem. 
The  characteristics  of  various  satellite  antenna  systems  are  discussed 
later  In  this  section. 

The  weight  and  power  compatibility  of  the  electronics  package  with 
the  communications  stations  would  become  a problem  at  higher  frequen- 
cies If  the  efficiency  were  to  degrade  too  seriously,  since  the  re- 
quired output  power  is  reasonably  Independent  of  irequency.  Accord- 
ingly, the  variation  of  efficiency  with  operating  frequency  Is  of 
crucial  Importance,  and  is  examined  next. 

h^^l ciencles  of  Hlgh-Power  Ml 1 1 Imeter-Wave  Amplifiers 

Packaged  power  amplifiers  Involve  power-conditioning  equipment 
and  output  amplifier  stages.  The  power-conditioning  equipment  effi- 
ciency Is  high  and  Independent  of  frequency.  Over  a large  range  of 
power  levels,  current  technology  permits  high  efficiency  whether  one 
or  many  Independent  voltages  are  supplied,  whether  the  voltages  and 
currents  are  high  or  low,  and  whether  coarse  or  fine  regulation  Is 


I 
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provldi'd.  TIu'  only  roqu i ronuMit  is  that  tlto  normal  oporatlnn  powor 
Ifvols  bo  hi>>h  onou^it  to  make  tiu*  no-load  losses  negligible.  Beeaiise 
the  eftieieney  of  the  power-oonditionlng  equipment  is  high,  the  out- 
put iuiiplifier  beoomes  the  dominant  factor.  The  output  power  di'viee, 
which  forms  tlie  heart  of  the  power  amplifier  output  stage,  is  either 
a vacuum  tube  or  a solid-state  device.  Although  vacuum  tubes  general Iv 
are  being  replaced  by  solid-state  devices,  this  does  not  apply  at  the 
highest  power  levels.  Thus,  at  hlgli  power  levels  in  the  millimeter- 
wave  band,  onlv  one  or  a small  luunber  of  vacuum  tube  devices  are  likely 
to  be  used,  rather  than  a large  number  of  lower-powered  solid-state 
devices.  Vacuum  tube  amplifier  efficiency  is  therefore  a matter  i^f 
concern. 

Traditional  microwave  amplifiers — particularly  those  using  the 
klystron  and  traveling  wave  tube  (WD — are  suitable  for  generating 
high  power  at  frequencies  bi'low  about  30  GHz.  Above  that  frequt'iicv, 
the  circuit  losses  and  voltage  breakdown  problems  are  severe.  As  a 
result,  a number  of  new  tt.bi-  types  have  evolved;  these  Include  the 
extiMided- interact  ion  amplifier  (KTA),  the  ubitron  tube,  the  coupled- 
c.ivity  TWT,  and  the  gyrotron. 

Kxtended-Interact ion  Amplifier  (KIA).  The  KIA  is  a linear  beam 
klystron  with  an  extended  interaction  cavitv.  Varian  of  Canada  has 
testi'd  an  KIA  at  94  GHz  which  dt'llvered  100  W peak  power  (30  dB  gain). 
The  bandwidth  of  this  device  was  40  MHz.  Development  of  a 94  GHz  KIA 
whicli  will  operate  at  1 kW  peak  power  and  100  W GW  is  anticipated.  This 
KIA  will  bi'  the  size  of  a 3-in.  cube  and  will  weigh  less  titan  13  lb  (in- 
cluding magnets).  Varian  predicts  that  the  KIA  can  produ-'e  GW  power 
levels  similar  to  the  power  levels  achieved  with  their  extended- inter- 
action oscillator  (KIO) ; these  power  levels,  and  the  peak  powi'rs  I'st  i- 
mated  to  be  achievable  with  the  KIA,  are  listed  below: 


VARIAN  OK  CANADA 
DmONSTRATKD  KIO  GW  POWKR  LKVELS 
Fn'ifKi’tic’f/  (uHr.)  JW.’i’  fW> 


VARIAN  OF  CANADA 

ESTIMATED  KIA  PEAK  POWER  GAPABII.ITY 
(uHr.)  (W) 


18 

1100 

30 

630 

70 

150 

140 

30 

133 

10 

280 

1 

33 

14,000 

94 

4 , 000 

140 

200 

270 

40 
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Private  communication  with  personnel  of  Varian  of  Canada. 
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The  CM  atmi  I If  lers  will  have  an  offloleiu-y  of  10  to  IS  percent 
atul  the  pulsed  power  amplifiers  have  an  efficiency  of  ahtnit  7 percent. 

! These  «‘f  f Ic  lenc  les  ci'uld  hi'  ilonhled  hv  usln>;  .i  depresst'd  collector. 

I'he  bandwidth  Is  -ihout  0.4  percent. 

Ohltron  Tnhe,  The  nhltron  (nndul.it  ln>;  he.im  Int  eract  li'us^  tube 

I'lnplovs  it  00  electron  beam  moving  thronnh  an  undnl.it  In^  m.imiet  Ic  tteld 

to  provide  hl>th-power  ml  1 1 Imeter-wave  amplification.  This  t nbt'  h.is  the 

.idvanta>;e  of  reijulrlng  milv  .i  rclatlvelv  weak  magnetic  field  (.H'proxl- 

m.itelv  seven  k I lo>t.'»uss>  and  Is  capable  of  larne  bandwldths.  It  lias 

the  disadvantage  of  low  efficiency.  Several  years  a^o,  Oeneral  Klectrtc 

built  a 1 St)  kW  nbltron  at  S4  Ollz  with  h percent  efficiency.  I'ne  soln- 

i 

til'll  to  till'  probli'm  of  low  elflclencv  would  be  to  use  .i  depressed  col- 
lector, which  would  raise  the  efflclt'ncv  to  10  percent.  Although  it 
has  not  vet  been  experimentally  verified,  it  is  believed  th.it  nbitrons 
can  be  used  at  f reiiiienc  i cs  .is  hiitli  as  100  tlllz  ;uid  .it  power  levels  of 
S()  to  lOl)  kW  CM.  These  power  li'vels  reiinlre  volt.i^ti's  of  from  t'()  to  7t) 
kV, 

I f\'iip  led-l\iv  i t V IVT.  .4  powi'v  level  of  I kW  at  ')•♦  tlllz  li.is  bt'oii 

I ^ 

di'nionst  rat  ed  with  the  coup  l ed-c.iv  i t v ITJ'T.  This  device  is  limited  to 

I 

power  levels  of  from  f to  8 kW.  An  efflciencv  of  U)  percent  can  be 
obt.ilned  with  the  use  of  depii'ssed  collectors.  The  coup  1 ed-c.iv  1 1 v IV'T 
has  .1  .Him  converHence  (r.itio  of  cathode  .irea  to  cross-section  .ire.i  ot 
the  I'li'ctron  be. mil  which  r.iiiHcs  from  ISO  to  200 — it  c.ni  bt'  .is  liiHh  as 
Mil).  Such  hlnh  conver.Hi'iice  r.it  los  can  be  used  to  .ichleve  either  hlnh 
‘ power  output  or  loiiH  lifi'time. 

Oyrotroii  Tube.  The  hi.nhost  recorded  m 1 1 1 imet  er-w.ive  power  levels, 
both  pe.ik  ,ind  .ivi'r.i.He,  h.ive  been  .ichieved  with  the  electron  cvclotron 
m.iser — or  H'’Votroii.  This  tube  represents  .a  malor  bre.ikt  lirouHh  for  fro- 
iiuencies  above  10  OHz,  I'xtendiiiH  to  100  Oltz  or  more.  A .nroup  .it  the 
la'ik'll  State  Onlversltv  in  the  Soviet  Onion  was  the  first  to  develop 
pr.ict  leal  hlnh-ef  f Ic  ienev  H'’rotrons,  and  th.it  success  has  stimul.ited 
p.ir.illel  work  In  the  Onlti'd  St.ites.  Onder  Oep.irtment  ot  I'lierH'’  sponsor- 
ship, V.iri.in  Assocl.ites  is  current  Iv  developiii.H  a tube  ,it  28  OH.-  with  .i 
I'M  power  level  I'f  2l'0  kW.^*'^  Work  in  pronress  covers  2('()  kW  tubes 

I’riv.ite  comimin  lc.it  Ion  with  personnel  of  HuhIios  Kese.irch  h.ibor.i- 
torles,  M.illbn,  I'.i  l i f orn  i .1 . 


optTiitliin  ill  I’W,  loiiK-pulso,  and  h Inh-pii  1 st— r»*p«‘t  1 1 Ion-rat  f modfs. 
Tablo  IJ  Is  a list  i>l  t’W  oyolotron  nuisors,  i’p»*rat  U'lia I or  in  doslgn. 

Tabu-  n 

fW  CYROTKUN  DKVICF.S 


Krequencv 

(GHz) 

Power 

(kW) 

Gain 

(dll) 

Hannonic 

Number 

Tube 

IVpe'^ 

Kf  f 1 c lencv 
(percent ) 

u 

Ma>;net‘ 

Soo 

Rot  ort'nco 

10 

10 

•> 

GK 

Standard 

42 

IS 

4 

— 

1 

GM 

SO 

St  and.ird 

4 1 

2S 

4.  S 

— 

2 

GM 

lb 

Standard 

4 1 

28 

20 

1 

iiK 

St  andaril 

44 

n.  7 

d 

— 

2 

GM 

40 

Standard 

4S 

17.  S 

20 

1 

GT 

S.G. 

4 h 

17.  S 

200 

— 

1 

GM 

S.G. 

47 

107 

12 

— 

1 

GM 

J1 

S.G. 

48 

ISO 

7 

— 

•> 

GM 

IS 

S.G. 

48 

ISO 

22 



1 

Gf 

S.G. 

4d 

1S8 

0.  002 

— 

2 

i.'M 

10 

S.G. 

48 

2 10 

1 to  10 

— 

2-4 

GM 

S.G. 

4h 

Ml 

1.  S 

— 

> 

GM 

b 

S . 1' . 

48 

"(;K  =•  gvrok  1 yst  ron  ; i.’M  » gyronu'iiot  roii;  (JT  ■ gvro-f  ravo  I iiig-w.ivi' 
amp  I If ior. 

I, 

'Standard  = normal  oloot romagnot ; S.t\  « suporoondiu-t ing  magnot 


Tlioro  are  three  variations  of  the  gvrotrons.  The  gv  vomonot  rini 
oscillator  (i-M)  , whlcti  is  tlie  type  Ini’orpi'rat  ed  in  Soviet  devices, 
invi'lves  a single  osclllatorv  cavity.  Tlie  gvn'klvst  ron  i(iK')  oscil- 
lator employs  resonant  cavities  separated  bv  drift  simi-es.  These  twi 
designs  ar«'  limited  to  a bandwidth  of  about  iK  1 percent.  The  third 
tvpe  Is  a gvro-t  TMVel  ing-wave  .implifler  ilVVl . In  this  device,  a 
ti.iveling  electromagnetic  wave  and  an  electriMi  beam  inti'ract  .is  thev 
tr.iverse  a waveguide.  Tlu>  i'.T  has  a 1 to  10  percent  bandwidth. 

While  the  efficiencv  of  gvrot  riuis  in  i'.S.  experiments  has  been 
less  than  1 pi'rcent  , the  Soviets  have  obtained  12  kW  at  100  idl;:  with 

.in  efficiencv  of  11  percent,  and  1.1  kW  .it  Ml  OHz  with  U pi'rci’iit 

(S0>  (Ml 

efficiencv.  Recent  theoretical  wvirk  bv  Spr.ingle  and  Orobot 

at  NRl.  has  m.uh'  the  Soviet  efficiencv  I’laims  iiuite  cri'dible  and,  in- 

di'ed,  has  shown  th.it  efficieiices  of  It'  to  40  percent  should  extend 

into  the  meg.iw.it  t powel  r.ingi'. 


hmiil'illtv  m.iv  l'«‘  a iisotiil  v'li.ii  .ii' t «•»  i s t I v'  It  sutltv'ii'nl  iust.m- 
t .»i\t->nis  I'.iiiklw  Kit  l<  Is  i\»'t  .ti'lt  K'v.il' I . Assiimiiift  tlt.it  st.iMt-  iM'  i'imiI  i^ti- 
t.iti.Mis  I'.itt  I'l-  built.  It  Is  t'st  Im.it  I'll  tli.it  ,i  ttuilii^t  i .iiii;.'.'  ot  ‘t  to  10 
t'oii'i'nt  sltotiKI  bo  iiiblovoil  witb  loKitivo  i-.isi',  .util  tli.it  .'0  to  10  j'ot- 

t-tO^ 

loiit  ituiv  bo  I'ossiblo. 

I’oi  blitbot  powt'ioil  svstoms,  l.o.,  ‘t  to  U'  kW  .ivof.i^o  powi't  , t bo 
sl.'o  .iiiil  Wi'litbt  ot  till'  I'owor  stipplv  .util  output  .implltloi  st.ii;-.'  will 


ilomlu.it  o t bo  to  till 


lu  snob  I'.isos,  svstom  sK'O  .uiil  woli;bt  i-stl- 


m.ilo.s  .u  o slmlKii  tv'  t boso  tof  lowol  tti'iiuouiV  svstoms  ol  t bo  s.imo  out- 
put powoi  .util  t ttbo  o I t 1 0 1 otto  V . I'ot  lowoi  powot  svsiottis,  o.f;.,  100  W, 

I bo  sl/i'  ot  t bo  p.vtotroit  o loot  i oituiititot  itt.iv  bo  .loitt  I tt.itt  t . Ott«'  motboii  tot 
loibtolit^  t bo  sl.-o  ot  tbo  toiiultoil  m.tititot  Is  to  opov.ito  t bo  p.viotioit  .it 
.1  b.ttmoiilo.  fills  foiluoos  tbo  m.iituot  to  I loKl  .util  tbotofoto  t bi'  m.i.nuot 
sl.-o--but  itooil  uot  Imp. lit  t bi'  olfloloitov.  for  ox.ttit(' I o , tbo  bii;bost 
topoitoil  ottloioitov  tiV  opot.itiou''  .It  milllmotoi  w.i  vo  1 oiii;  I Its  , -lO  pt'i - 
ooiit  .11  '1..'  ibl.‘,  w.is  obt.ilitoii  usliti;  tbo  sooouil  b.ntm'itlo.  Aitotbov 

motboil  tot  ii-ibioliti;  m.iititot  sloo  is  to  uso  .i  supoi  oottiluo  t lii>t  iit.tituot  lit- 
sto.ivl  ot  .1  ooitvoiittoit.il  o loo  t oiit.i^itot  . Oovo  lot'ittoiil  of  ooHip.iot  ooolltt^ 
units  Is  ioi|uitt'il  botovo  tboso  stipi'i  ooiiiluo t liti;  m.iituots  o.itt  bo  I'.ii  k.i_i;ovl 
ot  t to  lout  1 V . Wltli  m.i^itotlo  riolils  in  tbo  ‘'0  to  UU>  kiloit.iuss  t .tni;o 
uslti^  sui'o  i ooitiluo  t I ni;  m.i,i;iiots,  oomp.iot  .i^viotion  .implitioi  p.iok.i>;Os  .it 
troi|tiouotos  up  to  too  illK  sbotiKl  bo  pv.io  t lo.ib  1 1' . 

I'oiiH'.it  i'.tj;  tbo  ubltron  .util  i;viottoti  tor  uso  In  t bi'  m I I I iiitot  ot -w.ivo 
b.iitil,  it  Is  notoil  tb.it  tbo  i;vrotron  b.is  .i  blitbi'i  ottloioitov  .iitil  toi|ulios 
loss  volt.ijto  t.ibout  t wo- 1 It  I Ills  1 t b.in  tbo  ubltion.  wbllo  tbo  ubltfon  fo- 
ijulios  .1  siit.ll  lot  m.i^notio  tloKi  .iitil  It. is  .i  l,u\i;<>i'  b.iiiilw  I il  t It . fbo  ,i;vio- 
t ton  tit.iv  not  bo  sult.ibK  foi  sp.iot'  or  .iltbotito  .ipp  I lo.it  ions  nnloss  It 
o.in  bo  oi'ot.itoil  i»t  Its  tom  tit  b.iniioitlo.  Vbis  Is  boo.itiso  opov.it  Ion  .it 
.1  bijtb  tvonui'iiov  t unil.imont  .1 1 wouUI  votiulvo  .i  l.tVito  supovooitiluo  t liti;  m.ii;- 
not  V .ippvox  Into  t o I v lx  k I loyt.iussl  . Hotb  tbo  ubltvon  .iitii  itvvotvon  b.ivo 
st.ibilltv  pvobU'ins. 


V.iii.ition  Wltb  Kioii^uonoy  of  t b«' 

Ft  t lo  lotto  los  of  V. IV  Ions  .Amp  1 I f I o t I'ypos 

It  Is  m'liot.illv  .loooptoil  tli.it  .imp  1 1 1 I ov  oltioionoo  ilooto.isos  wttb 

Inovo.isln);  I voi|tionov . fbls  Is  t vtn'  witbln  .inv  ono  tubo  tvpo.  but  tbo 
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dt'iTi'ase  is  slow  ;iiui  moasiires  oan  bo  takiMi  to  ol'fsot  It.  t'lianulnj; 
tube  typo  caa  oiUirolv  olimlaato  t iio  fall-olt  of  offlolonoy,  Ttioso 
f.iotors  i-an  bo  soon  in  Klj;.  il  , wliloli  sliows  t bo  of  f lo  iono  l»'s  of  olglit 
roprosontat  ivo  tniu's,  oporat  ln>;  ovor  a fn-qnoiu-y  ran>;o  of  flvt‘  liooaiios. 
ri>o  i'i>;bt  tnbos  plottoii  roprosi-nt  fovir  >;onorio  tvpos — trliuios  and 
totrodos,  klystrons,  travolinj;  wavo  tnbos,  and  >;vri'trons.  I'wo  tnbos 
I'f  o.u'h  tvpo,  oaob  mado  by  tbo  sanio  mannfaot  nror  but  optimizod  for 
oporat  ion  .it  widolv  soparatod  froqnono  ios,  aro  Inolndod.  Tlio  sloju', 

-n,  of  tbo  lino  joinlnj;  tiio  inombors  of  oaob  pair  Indioatos  t lio  fri'- 
qnonov  dopondonoo , wboro 


.ind  “ officionov  at  tho  tii^lior  fri'qnonov,  f^^,  and 
rij  =■  officionov  at  tiio  lower  froqnoncv,  f^  . 

Note  that  n tends  to  bo  small,  i.o.,  0 < n ' 0.1. 

Tbo  docroaso  in  offU'ioncy  in  >;olnp,  from  tube  A to  tnbt'  11  is  dno 
to  sncli  factors  as  skin  loss,  dielectric  loss,  and  transit  time  offoi-ts. 
At  blgbor  f rocinonc i os , tho  current  distribution  ovor  tbo  internal  olo- 
mont  cross  sections  is  loss  uniform  (skin  effect)  and  thi'  pbvsical  di- 
mensions of  tbo  internal  tube  structure  aro  larger  with  respect  to  wave- 
length. Higher  losses  in  tho  insulation  result  because  the  dieli'ctrlc 
is  no  longer  .it  the  voltage  minimum.  There  is  alsi’  an  .ippreci.iblc 
length  of  lossv  structure  before  the  wave  reaches  the  extern. il  circuit. 
Hespite  these  effects,  operating  tube  11  at  the  maximum  allowable  screen 
voltage  (to  minimize  transit  time  effects)  and  using  a verv  narri'w  con- 
duction angle  (in  Class  C operation)  could  raise  the  efficienev  of  tube 
B up  to  that  of  tube  A.  In  this  case,  the  power  output  may  bo  only 
one-tenth  as  much  as  the  tube  is  rated  for,  but  the  efficiency  could 
be  more  than  doubled.  This  tradeoff  of  complexitv  for  efficienev  is 
common.  Compared  to  tlie  trlode,  the  tetrode  is  preclselv  such  a trade- 
off. In  the  multi-cavity  klystron,  maximum  gain  (and  minimum  bandwidth) 
can  be  obtained  bv  synchronous  tuning  of  all  cavities,  Al ternat i ve 1 v , 
gain  can  be  traded  for  increased  efficiency  bv  slmplv  refuning  t ht' 
kly.stron  cavltle.s  (in  .some  tubes  this  can  be  done  in  the  field). 


- ‘)0- 


I 


A1 1 lu'u>;li  t lu‘  t r.ivf  1 li>»;  umvo  tiilu's  soU'i'tfil  liavf  nuuh  lowoi  t'lt'i- 
oioiu'tos  than  t ho  othor  tnh«'  tvpos  shown  in  Kl>;.  U,  tlu‘so  Wl's  oan 
ho  rovlos i>;n«'wt  aslno.  volta»;t'  lumps  aiul  multlplo  vlopross«ui  oolU-otors 
to  liouhlo  tholi  ol  t io  iono  los.  Whon  IVTs  aio  vl«'s  i >;no«.l  tor  hi^thor  fro- 
ijuonov  oporation,  t ho  nu-an  hoam  voU'oitv  must  ho  InoitMsoii  to  maintain 
svnoltronism  hotwoon  t tu'  hoam  atui  t ho  j^rowinp,  wavo  on  t ho  slow  wavo 
struoturt'.  WhiU'  this  toquiros  hiitluM  volta>;o  oi'oration,  t ho  volooity 
sptoaJ  about  th«‘  mt-an  vi'K'oitv  in  tlu-  spont  hi-am  is  loss.  (Th«‘  sp<>nt 
h«'am  rotors  1 1'  t ho  ho.im  .iftor  it  h.is  p.issoil  tho  intoraotion  or  .nnpli- 
tioation  rt'fjion.^  rh«'  lowor  v«-looitv  sproaii  pormits  im'to  i-ttioiont 
ool  loot  ion,  .IS  ih>  tho  raultiplt'  iiopro.>'s«‘il  oolloi'tors.  Thus,  .it  ht);hor 
i roqvK  no  i t's  , roup.hlv  oonst.int  IVT  oitioionov  o.in  ho  .uhiovoil  .it  t !w 
oost  ot  ilooro.isokl  powt'r  output  ,uul  tnoro.ist',1  pi'wor  ooiul  i t ton  tn>;  ov'm- 
ploxitv.  AvKiition.il  vh.ir.io  t or  i st  ios  ot  tho  t'i>tht  t uh«‘s  in  Kip,.  tl  .iro 
list  Oil  in  I'.ihlt'  Is. 

Kviv'trv'us  .ilrt'.'iilv  vlomv'ust  r.it  o .1  K’w  vlopouvlouvo  vM  ottioioiuv  vui 
Irt-quoiu-v.  i'ivon  tlu'  sm.i  1 1 .imount  v'f  roso.iroh  v'u  t lu-m  tv'  vi.ito,  pviv'- 
t rolls  m.iv  .u'hiovi'  ot' t' i»' ioiu- ios  I't  JS  tv'  ‘>0  pv'rooni  ovon  ,it  tho  hiph- 
t roviuoiu-v  oiivt  v't  tho  m 1 1 1 inu' t o r-wavo  h.uul. 

Kv'f  m i I 1 imol  or-w.ivo  vv'mmunio.it  U'lis  svstoms,  tho  rv'uphlv  ov'nst.int 
offiv  ionov  mo. ms  th.it: 

• rriniv'  pv'wi'r  sv'uroos  tv'r  tho  s.itoltitv's  .nut  torraiu.ils 
ni'Ovt  tu't  ho  muv  h 1. it  pot  th.m  pv'w»'r  Sv'uroos  in  v'urront 
I'HK  .uivi  SllK  svstv'ms. 

• llo.it  oxoh.inpors  in  tho  s.itolliti's  .lUvl  tormin.ils  n'ln.iin 
ahv'ut  tho  s.imo  .is  .it  lowor  I i oquonv- ios . 

• Vho  ohi'tv'o  v't  .1  I roquonov  ,it  t h«'  mivKllo  v'r  ovon  at  tho 
hiph  oml  v'f  tho  ml  1 1 inu't  or-w.ivo  haiul  will  nv't  ho  .ittv'o- 
t ovl  hv  ot  t iv- lonv-v-rot.it  ovl  ov'ns  ivior.it  tv'ns  in  tlu'  K'np 
run.  Othor  t.iv'tors  v't  milit.irv  impv'r  t .luv-o  v-.in  vliv't.ito 
tho  v-hoioo  of  froquoiu-v. 


K.ivtv'mos  tv'r  I’so  .it  lli^hor  Krov^iu'iu- it's 

K.iviv'mt's  v't  I'ssont  t.i  1 1 V st.invl.nvl  ov'nst  ruv't  Iv'u  .lit'  .iv.ii  l.ihlo  tv'r 
uso  .It  t roqut'Uv- 1 os  up  tv'  .it  It'.ist  -*0  ilH/.  Tho  Klt'ot  rv'ulos  Sp.iv'o 
.''t  ruv't  lire's  I'v'ipi'r.it  iv'it  iKS.''i'i'''  h.is,  |,'r  ox.impli',  viosipni'vl  suv'h  .1 


»*-■  •'  ■ 


SELECTED  VACLX74  TL'BF  POWER  AMPLIFIERS 


Designated  as  tubes  A through 
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rudome  for  use  with  shipboard  (or  ground)  torniliials.  This  radomi* 

is  a truiu-ated  sphere  molded  in  one  piece;  it  can  be  made  of  either  a 
glass-fabrlc-relnforced  solid  laminate  or  a sandwicli  witli  glass-fabric- 
laminate  skins  over  a honeycomb  core-  Tlie  outsidi-  is  finished  with  a 
high-(iual ity  enamel.  At  34.9  CHz,  this  radome  has  a transmission  effi- 
ciency of  90  percent. 

Radomes  I'omposed  of  thin  membrane  panels  supported  by  metal  frames 
have  been  developed,  also  by  KSSCO,  for  use  up  to  300  This 

type  of  radome  relies  on  tlie  spatial  distribution  of  tlie  members  of  the 
frame  for  its  electrical  characteristics.  The  environmental  specifica- 
tions of  this  type  of  radome  are  presented  in  Table  13. 

Table  15 

KNVIRONMICNTAI,  Sl’lCCIFICATIONS 
OF  A MKTAI.-FRAMI':  FACFTED  RADOME 

Operating  winds 150  mph 

Oper.ating  ambient -65°F  to  IbO”!’ 

Tee  or  snow  loads 70  psf 

Solar  radiation  rejection...  90  percent  or  greater 

(white  exterior) 

Actinic  radiation Must  retain  properties 

in  tropical  sun 

Salt  atmosphere Coastal /seagoing 

Rel.it  ive  humidity 0 to  100  percent 

Sand  and  dust Must  retain  performance 

in  arid  regions 

The  ESSCO  radome  is  a faceted,  truncated  sphere  composed  of  indi- 
vidual, triangular  panels  bolted  together  to  form  the  structure.  The 
panels  are  arranged  in  a quasi-random  triangulation  of  the  spherical 
geometry.  The  panel  membrane  material  is  a reinforced  plastics  lami- 
nate trademarked  "ESSCOIJVM  VI."  A Tedlar  film  is  integrally  bonded  to 
both  sides  of  the  panels  to  Insure  against  erosion.  The  white  Tedlar 
film  rejects  more  than  90  percent  of  the  Incident  solar  radiation,  in- 
hibits the  formation  of  water  film,  prolongs  panel  life,  and  minimizes 
radome  maintenance.  Each  panel  is  enclosed  in  a frame  of  6061-T6  alum- 
inum; the  frames  are  bolted  together  to  form  the  structure. 


Transmission  loss,  dB 


The  transmission  loss  through  this  radomo  Is  dopoiulont  on  t lu* 
amount  of  motal  framework  and  the  typo  and  thickness  of  the  memhranes. 
Figure  12  shows  both  of  ttiese  compom’nts  of  transmission  loss  versus 
frequency  for  a h8-ft  diameter  metal  space  frame  radome  with  a membrane 
thickness  of  O.OlO  in.  At  f re<iuenc  i«'S  above  0.4  OH/,  it  is  seen  that 
th«'  metal  fr.amework  contribution  to  transmission  loss  remains  essen- 
tlallv  constant,  while  the  membrane's  contribution  Increases  .at  higher 
f requeiu-les.  The  loss  .associated  with  the  mt'mbrane  is  .a  direct  func- 
tion of  its  thickness,  ini  1 fi>rml  t v , dielectric  const.ant,  .and  loss  t.ang«'nf. 
The  "FSSt'tll.AM  VI"  membr.anes  h,av«'  a dielectric  const.ant  of  2.8  .and  .a  loss 
t.angent  of  0.01. 


Frequency  (GHz) 


Fig.  32  — Transmission  loss  due  fo  metal- frame  faceted  radome 

It  I'.tn  lu'  seen  th.it  the  transmission  exhibits  the  m.axim.a  and  minima 
ch.i  I .ic  t er  I s t i cs  ol  .an  in  t er  f I'l'cMice  effi'ct;  as  .a  result,  the  membr.ane 
thickiii-ss  c.in  be  selet’teil  s»i  th.at  .a  reson.ant  minimum  will  coincide  with 
|i  till'  ilestred  oper.it  ing  frequencv.  The  t ransm  i ss  i >'n  loss  due  to  the  r.adi'mi' 
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The  noise  temperature  contribution  of  the  radome  depends  on  the 
amount  of  energy  dissipated  by  the  radome.  The  noise  temperature  of 
the  radome  referred  to  in  Fig.  32  would  be  expected  to  vary  between 
and  111“K  as  the  loss  fluctuates  between  0,5  dB  and  2 dB.  The 
increase  in  noise  temperature  due  to  rain  Is  claimed  to  be  less  than 
10“K  over  the  dry  radomes. The  effect  of  sea  water  would  be  greater; 
a uniform  film,  1-mm  thick,  would  have  a noise  temperature  of  about 
100“K  at  400  MHz.  While  this  is  small  compared  with  the  noise  temper- 
ature of  uncooled  amplifiers,  it  would  be  important  with  cooled  re- 
ceivers (as  can  be  seen  in  Fig.  9). 

The  radome  boresight  shift  is  a function  of  the  randomness,  as 
well  as  the  openness,  of  the  radome  framework.  Extensive  measurements 
of  the  boresight  shift  of  the  ESSCO  faceted  radome  show  it  to  be  negli- 
gible— less  than  10  microradians  (0.00058  deg)  at  frequencies  above 
10  GHz. 

The  scattered  energy  of  the  metal  frame  tends  to  perturb  the  an- 
tenna radiation  pattern.  ESSCO  has  conservatively  specified  that  the 
average  sidelobe  perturbation  of  the  antenna  pattern  caused  by  the 
radome  shall  be  less  than  1 dB  at  the  -25  dB  power  level  of  an  exposed 
antenna  having  a gain  of  35  dB  or  greater.  No  change  in  t)ie  half-power 
beamwldth  of  the  antenna  radiation  pattern  attributable  to  this  radome 
has  ever  been  observed. 

Satellite  Antennas  at  Higher  Frequencies 

Early  satellites  used  the  turnstile  antenn.i  to  provide  rougiilv 
isotropic  coverage  so  that  control  of  the  satellite  and  telemetry  read- 
out could  be  maintained  even  if  the  satellite  developed  an  unanticipated 
spin.  Omni-directional  antennas  providing  continuous  eartti  cover.ige 
from  an  equatorial  orbit  evolved  next,  followed  bv  mecl\an  ic.i  1 1 v despun 
earth-coverage  antennas.  Next  came  spot-be.am  .intenn.is,  which  proviiled 
narrow  coverage  areas.  However,  satellites  with  spot  beams  for  high- 
information-rate  users  retained  tlielr  earth-coverage  beams  to  serve  tlie 
bulk  of  users.  Over  the  entire  spectrum  from  20  to  iOO  GHz,  this  pat- 
tern of  at  least  two  different  kinds  of  antennas  c.in  l)e  expected  to 
persist — although  there  may  be  significant  differences  in  the  w.iv  they 
are  used.  At  20  .and  10  GHz,  one  e.arth-coverage  .inlenn.i  may  lio  fi'r  the 


bulk  of  users,  while  a few  narrow-coverage  antennas  may  provide  for  the 
bulk  of  traffic  and  Involve  only  a few  users.  At  higher  frequencies, 
the  broad-coverage  antennas  may  provide  somewhat  less  than  earth  coverage 
to  minimize  Interference  and  be  used  only  to  access  the  system.  This 
may  require  only  100  to  300  bits  of  Information,  transmitted  over  1 to 
30  sec.  After  a bona  fide  access  Is  made,  the  satellite  commits  a 
narrow-coverage  beam  to  the  new  user.  The  benefits  of  such  an  approach 
increase  witli  increasing  frequency,  because  of  the  higher  antenna  gains. 

The  highest  galn-to-sldelobe  ratios  (70  to  80  dB)  are  obtained 
from  offset,  horn-fed  parabolic  reflectors  with  microwave  absorber 
shielding.  The  problems  of  packaging  large  numbers  of  such  an- 

tennas on  a launch  vehicle  such  as  the  space  shuttle  need  to  be  ex- 
amined as  a function  of  frequency,  orbital  constellation,  spot  size, 
number,  and  geographic  distribution  of  the  users. 

An  alternative  approach  is  to  form  a number  of  beams  from  each 
antenna.  Although  the  ratio  of  the  main  beam  gain  to  the  average  side- 
lobe  level  will  be  much  less  In  this  case,  a variety  of  schemes  may  be 
feasible  for  reducing  interference  through  the  sldelobe.  There  Is  ex- 
tensive activity  in  the  multi-beam  antenna  area. 

Three  types  of  antennas  are  used  to  form  multiple  spot  beams:  lens 
antennas,  reflector  antennas,  and  phased-array  antennas. 

Lens  Antennas.  For  a 30  dB  sldelobe  specification  (relative  to 
the  main  lobe) , the  refractive  Index  of  the  dielectric  in  a solid-lens 
antenna  must  be  controlled  to  within  0.8  percent  around  a nominal  value 

/ liQN 

of  2.0.  Since  light-weight,  low-loss  materials  with  this  uniformity 

are  not  available,  refractive  lenses  are  not  practical  for  low  sldelobe 
antennas. 

(59) 

Scott  has  analyzed  a 400-element,  transverse  electromagnetic 
wave  (TEM)  constrained,  or  "bootlace,"  lens  antenna  which  is  capable 
of  simultaneously  generating  any  6 out  of  61  possible  dual  polarized 
beams  over  a 17  deg  field  of  view,  at  both  4 and  6 GHz,  while  maintain- 
ing at  least  27  dB  isolation  between  beams.  The  3 dB  beAmwldths  of  this 
antenna  are  approximately  4.2  deg  at  4 GHz  and  2.8  deg  at  6 GHz. 

Blnz  and  Walner^^*^^  have  analyzed  a 2000-element  TEM  lens  capable 
of  forming  64  beams  over  its  18  deg  field  of  view.  With  a single-horn 
feed,  the  calculated  3 dB  bearawidth  was  1.99  deg  and  the  sldelobe  level 
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was  Jl)  ilH  ln'low  tlu-  main  t)i'am.  Wllli  a si'Vi'H-tioni  I'liistiT  Ifnil,  tin* 
i illi  tuMiiiwKItli  was  2.  il  lit'n  wltl»  a siilolobo  Invi-l  ot  U)  ilb  I lu* 

main  bt-am. 

Ki'l  li'i‘tt>r  Anli-nnas.  Rnf  loolor-lypo  mnllipit*  lu’am  antt-nnas  aif 
at  t fvii-t  i vn  I'fi'anst'  i>l  t ito  i r ilt'si^^n  s imp  1 i t y , inliiTfiitly  larni-  baiui- 
wiiltli,  iMsi-  of  i-onst  nut  ion,  1 i>tbt  wi'igbt,  aaii  low  i'i>sl  . llowovor , t lu‘ 
lar^i'  t oiui  stnu'tnii's  I'l  mnltlplo  boam  anl»“nnas  oan  i.  ansi>  oxoi-ssivo 
bloi-ka^o  aiui  tiuis  l>ip,li  siiii'lol>o  lovols  in  all  iu>nl  i>;nrat  ions  t*\i-i'pt 
tlio  ot  I si't -t'«ui  tvpi's.  iM'l'sot-typ»‘  paraboloiiial  anti'nnas  ltav«'  t lio  lils- 
aiivanta>tt'  of  bavlni;  raplii  lit'tor  li'tal  lot\  of  s idoliitu's  attil  fii'ss-polari- 
/at  ii>n  pii>portios  for  off-axis  I'oams,  altl\onj;li  toolin  icpu-s  siu'li  as  ro- 
lli'otor  sliapin>;  aiiii  dnal-foi'us  iloslj,;n  I'an  i-iimponsat  »•  partially.  A 
splu'rio.il  rof  1 lu't  I'f  p«'nnlts  off-.ixis  pointing  witli  U“ss  lion  raii.it  ion  in 
porlorm.nuu'  tli.in  a p.ir.ibo  lo  id , l>nt  it  li.is  liipjior  sliUli'lu'  lovols  .iiul  is 
loss  I'lflolont.  A spliorloal  roili-otor  will  provlilo  aiioipiato  protoot  iv'n 
lu'twoi'H  adj.ioont  bo.ims  If  tlu-  bi'ams  aro  si-p.iratod  by  fi>ur  I'r  iiumu'  bi-am- 

I I . I ^ ^ 

wiiltlis. 

Kl>;lil,  .IS  iippi>soil  to  ilt'p  loyab  It' , n'fli-otor  antonnas  .iro  prostMitlv 

pioli'iroil  .It  I I i'i|iiono  I os  .ibovo  8 till/  ilno  to  I ho  d i I I i in  1 1 i os  in  obl.iin- 

iny.  .looiir.ito  toKiiny  .md  di'p  1 1' vmon t . 

(t>l  ) 

Inrrln  h.is  dovolopod  a sphor  i oa  l-n'l  I oo  t oi  satollito  antonna 

ti’r  tho  2l)  and  it)  till/,  bands.  This  antonna  om|->loys  .i  sphorloal  rofloi'- 

ti'r  I't)  in.  in  diamotor,  .i  piano  roflootor,  and  a o I ns  tor  of  six  fi'od 

horns.  Tho  yain  of  a laboratory  modol  w.is  moasnrod  to  bt‘  A7  db  .it  l‘l 

lIHz  and  •»d.d  lib  .U  U).2  I'llz.  Tho  minimum  pliysloal  soparat  Ion  lH'two«'n 

fooils  llmitod  tho  minlmnm  .inynlar  b»'am  St'parat  Ion  to  about  1.2  doy. 

lsol.it  Ion  bi-twoi-n  t tio  bo.ims  was  about  -20  ilb  at  tho  minimum  .inyular 

sop.ir.it  (on,  .ind  tlu-  lialf-powor  bo.imwidtli  w.is  loss  th.in  0.7  di'y.  Tho 

m.iximum  i-rror  w.is  0.  18  doy.  Tho  ooupliny  botwoon  ports  was  loss  than 

-AO  db  In  all  o.isos.  blookayo  by  tho  foods  was  of  llttlo  oonsoquoiu-o. 
(b2) 

Somplak  proposod  tho  uso  ot  an  oftsot  tiassoyralnlan  antonna 

fod  by  soparato,  sm.ill  oorruy.itod  horns  at  100  lIHz.  Tho  antonna  con- 
sists of  a hl-cm  diamotor  p.irabollc  roflootor  and  a confocal  hypor- 
boloidal  subroflootor  which  Is  18.1  cm  wldo  by  10.2  cm  hlyh.  Tho  an- 
tonna is  fod  by  an  offset  collector  which  is  Illuminated  by  a dual- 
iiH'de  horn.  The  current  state  of  the  art  needs  to  bo  pushed  to  produce 
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a sat  isfai  tory  i-orrvinatod  horn  at  IDO  DHz.  Tlie  ratli>  tho  prlino 
loi'al  lenj’th  to  tho  dlamt'tor  of  tho  riM'lootor  Is  1.9;  lu'noo,  t ho  food 
slu>uld  ho  ahlo  to  soau  tons  of  hoamwldths  by  latoral  dlsplaiomont  of 
tho  fot'd.  Tho  3 dlf  hoamwldth  was  moasnrod  to  ho  loss  than  O.S  doy,  at 
all  soannlny  anytos.  A soan  I'f  8 doy,  n'snlts  in  a doyrad.it  Ion  In  yaln 
of  5 dB. 

Tho  Kokasnka  Klootrlo.tl  ITnnnuin  loat  Ion  l.ahoratorv  In  .lapan^*''^  has 
doslynod  and  tostod  a sovon-hoam  dual  ri'f  l«>otor  antonn.i  with  mnltlplo 
food  lu’rns  at  SO  CHz.  Tho  main  r«>flootor  Is  198  om  In  dlanu'tor  ai\d 
tho  snhroflootor  Is  17  om.  Tho  antonna  yaln  was  mo.isnri'd  to  ho  S7.8 
dB  whon  tho  primary  horn  Is  on  tho  focal  point.  It  t hi'  horn  is  polnti'd 
I iloy,  off  axis,  a docroaso  in  yain  of  0.  SS  dB  Is  moasnrod.  I'ho  isola- 
tion hotwoon  hoams  is  hot  tor  than  -74  dB. 

Molor,  Rndish,  .ind  Tanh^  havo  domonstratod  tho  fo.isihlllty  of 
rocoiviny  mnltiplo  hoams  .tt  60  (dlz  ovor  an  18  doy  flold  of  vlow.  Tliolr 
antonn.i  consists  of  availahlo  I'ompoin'nt  s , or  components  within  current 
tochnoloyy.  A "pin  cushion"  of  n.irrow  ovorlapplny  hoams,  ci'voriny  tho 
ri'qulrod  flold  of  vlow,  is  yom'ratod  hy  an  array  of  foi'ds  In  t lie  focal 
pl.ino  of  tho  antonna.  K.tch  food  Is  connoctod  1 1’  .i  separate  rocotvor 
front  end.  B.isod  on  tho  outputs  of  tho  front  ends,  only  those  channels 
containlny  .ictlvo  siyn.ils  are  comhtnod  in  a I'ommi'n  output.  An  .antonn.i 
of  this  tvpi'  with  an  aperture  of  one  sqnaro  motor  could  produce  .»p\'ri'xl- 
matoly  SO  hoams  with  a 1 dB  hoamwldth  of  ono-thlril  doy.  Tho  .intonn.i 
used  was  a spheric, li  reflector  with  a pl.inar  mirri'i',  which  h.as  .a  y.iln 
of  S7  dB.  This  anti'nn.a  can  ho  sc. tied  1 1'  opor.ito  hi'twoon  Jt'  .nul  1 IH'  tdl/. 

T.iny  ot  .il.^*''^  havo  .analvzod  .tnd  tostoil  .an  .antonn.i  which,  oi'or.it- 
Iny  In  tho  9 to  U1  llllz  roylon,  pri'diici's  multiple  1 ih'y  ho.ims  over  a 10 
doy  h.alf-anyto  coiu'.  The  aiilonn.i  yiin  is  ovor  4(1  dB  .nid  tho  sldoloho 
levels  are  more  th.ui  70  dB  holow  tho  m.iin  ho.im.  The  antonn.i  ci'iisisis 
of  an  offset  parahi'l  Ic  reflector  whii'h  Is  fed  hy  .a  sp.u'o-lod  sphoilc.il 
Ions.  The  sp.ico-fod  Ions  proyidos  multiple  ovor  I .ipi' I ny  ho.ini'i  on  tho 
reflector  .iporturo. 

I’h.isod-Ar r.ty  Antonn.is.  A pl.in.ir  ph.isod  .irr.iy  consists  o(  ldontic.il 
uniformly  sp.icod  r.iillators.  Multiple  stoorahlo  ho.ims  c.iii  ho  ohl.iliioil  hv 
providiny  sop.ir.ito  hi'.im  lormlny  .ami  stooriny  networks  li'r  o.ich  ho.im  .nul 
comhininy  thoir  out  pul. s .at  each  arr.iy  I'li'mont.  The  wi'iyhl  .uul  I'omploxity 


of  such  a system  increase  In  proportion  to  the  number  of  beams.  Another 
disadvantage  of  the  phased-array  transmit  antenna  is  the  need  to  provide 
individual  power  amplifiers  at  each  radiating  element,  each  of  which 
must  handle  simultaneous  signals  from  all  of  the  multiple  beams.  These 
amplifiers  must  operate  in  their  low-efficiency  linear  regions  to  .avoid 
saturation  (saturation  results  in  Intermodulation  and  signal  suppression 
effects  in  the  presence  of  multiple  signals).  This  penalizes  the  over- 
all transmitter  efficiency  and  further  Increases  weight  and  prime  power 
requirements.  The  weight  and  complexity  of  the  phased  array  tend  to 
limit  its  usefulness  in  applications  where  multiple  beams  are  desired. 

Multi-beam  antennas  are  quite  limited  In  their  ability  to  suppress 
sidelobes  relative  to  a single-beam  offset-horn  antenna  which  has  80  dB 
suppression. As  a result,  their  usefulness  is  restricted  to  acqui- 
sition and  to  low-data-rate  communications.  However,  with  adapative 
antenna  patterns  (null  steering  on  interfering  sources)  and  cancelling 
of  strong  interfering  signals,  hlgh-data-rate  communications  may  be  fea- 
sible. The  choice  of  an  optimum  satellite  antenna  for  hlgh-data-rate 
communications  is  beyond  the  scope  of  this  study. 
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COMl’LKXI'n’.  RELIABILin,  LIKKTIMK,  ANU  INTEROPERABILITY  EFFECTS 


In  this  section,  we  are  concerned  with  the  effects  of  increased 
operating  frequency  on  the  complexity,  reliability,  and  lifetime  of 
the  satellite,  and  with  the  effect,  on  interoperability  among  user 
communities,  of  adding  still  another  frequency. 

Communications  satellites  operating  at  the  higher  microwave  fre- 
quencies should  be  about  as  complex  as  lower  microwave  frequency  sys- 
tems. Critical  satellite  components  are  the  null-forming  adaptive 
lens  antennas,  the  pointing  and  tracking  subsystems  for  multiple  re- 
flector antennas,  and  the  high-power  amplifiers.  Multiple  reflector 
antennas  require  drive  trains  to  continuously  track  the  users  from 
space.  The  reliability  and  lifetime  of  these  satellite  components  are 
treated  here.  High  reliability  and  long  lifetime  are  particularly  im- 
portant for  the  satellite  end  of  the  link.  Operational  lifetimes  of 
5 to  10  yr  are  typical  of  current  satellite  systems,  and  are  a reason- 
able goal  for  higher  frequency  systems.  What  are  the  philosophy  and 
procedures  for  achieving  such  long  satellite  lifetimes? 

Historical  studies  of  the  useful  on-orbit  life  of  communlcat ions 
and  other  types  of  satellites  were  conducted  in  1975  by  Buehl  and 
Hammerand , and  in  1977  by  Levine.  Levine  noted,  for  example, 

that  of  63  representative  military  spacecraft  launched  between  1962 
and  1977,  75  percent  were  still  operational  four  years  after  launch. 
Both  studies  found  surprisingly  little  correlation  between  the  observed 
lifetime  and  the  complexity,  weight,  or  predicted  lifetime.  There  was 
high  correlation,  however,  between  lifetime  and  the  degree  of  reliabil- 
ity analysis  and  testing  that  was  performed  prior  to  launch.  The  use 
of  a type  of  reliability  analysis  termed  Failure  Modes  and  Effects 
Analysis  (FMEA)  was  particularly  effective.  It  identified  the  major 
effects  caused  by  failure  of  each  component.  This  knowledge  permits 
the  designer  to  reduce  the  probability  of  a catastrophic  failure  by 
providing  alternate  paths  or  redundant  components.  FMFA  was  found  to 
be  most  effective  when  conducted  early  in  the  design  phase  and  when 
there  was  a combined  design  and  reliability  engineering  effort. 
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A ooniprelu'ns ivt’  lost  program  was  also  foiiml  to  bo  vorv  valviablo 
in  aohiovlng  long  oporational  lllo.  Highost  snoooss  was  aoblovod  In- 
lost  ing  all  lovols  ot  oompononts  and  snbsystoins  t'rv'm  tho  K'W»'st  lovol 
ot  assomblv  to  tho  wholo  spaoooralt.  I’owor-on  onv 1 ronmont a 1 tost ing 
at  both  tho  snbsvslom  li'vol  and  tor  tbo  oomi'loto  si'aooora t' t provod  to 
b»’  oxoopt  iona  1 1 V oft'oot  ivo  In  oulllng  out  marginal  oompononts  aiivl 
assombllos,  wliothor  duo  to  manufaot  ur  I ng  dofoots  or  vloslgn  orrors. 

In  blgbor  l‘ro»]uonov  commun  loat  ions  satollito  pri'grams,  as  in  tboso 
using  li'wor  troquonolos,  it  Is  tboroforo  important  that  sut'fioiont  t inu’ 
and  tundlng  bo  alK'Wod  for  roliabilitv  analvsos  and  tosling  )iri'ood»iri's 
ot  tlu-  tvpos  mont ionod  abovo. 

No  spooial  probloms  in  tho  lifotimo  or  tlu'  roliabilitv  of  tho 
pointing  and  trai-king  subsvstoms  aro  oxpootod  to  bo  assooiatod  with 
tho  ohango  to  highor  froquonov  oporalion.  In  tho  "baso  oaso"  oommu- 
nloations  systom  dlsoussod  in  Soot  ion  IH,  tho  oomploxilv  was  shlftod 
to  tho  satollito  in  ordor  to  oaso  tho  probloms  of  tho  small  mobllo  usor, 
with  a viow  toi  oxtondlng  tho  oomrounloat  ions  sorvioo  to  a largor  lumibor 
of  suoh  usors.  Tho  usors  thus  havo  smaller  antonnas  and  broader  beams 
at  the  highor  frequonoles  than  current  SllF  usors,  so  that  high  subsys- 
tem roliabilitv  is  expected. 

The  only  rem.tining  area  to  bo  considered  is  associated  with  tho 
satellite.  A 4.s-m  diameter  satellite  antenna  was  postulated  in  tho 
b.tse  case,  for  which  tho  boamwldth  ranged  from  0.2d4  dog  at  21.  J idiz 
to  0.014  deg  at  2b5  GHz  (see  Table  10).  Tracking  with  such  narri'w 
beams  Involves  little  fvindamontal  additional  complexltv,  since  tlto  re- 
quired error  signal  .tmplltude  Is  generated  with  smaller  angular  dis- 
placements when  sharper  beams  are  employed.  Satellite  open-loop  point- 
ing associated  with  initial  acquisition  is,  however,  more  difficult  at 
tho  higher  frequencies.  Thus,  as  highor  pointing  accuracy  is  required, 
more  complex  s.itolllte  attitude  reference  systems  aro  indicated,  as 
di.scussed  in  Section  VI II. 

The  basic  "Bias  Momentum"  attitude  reference  system  (.slmplv  a 
horizon  sensor  and  a gvrocompa.ss)  presented  few  problems  on  Kl.TSATi'iiM 
and  TIROS  satellites.  However,  both  the  roliabilitv  and  accuracy  cinild 
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be  increased  by  employing  a horizon  sensor  of  the  "staring"  type  that 
has  no  moving  parts.  Gas-bearing  gyros  appear  to  have  an  essentially 
unlimited  lifetime.  Such  a system,  having  a l-o  pointing  accuracy  of 
0.1  to  0.3  deg,  could  be  used  with  a A.A-m  diameter  millimeter-wave 
communications  antenna  with  only  a limited  search  required. 

The  performance  of  this  basic  attitude  reference  system  can  be 
improved  by  an  order  of  magnitude  through  the  addition  of  a digital 
sun  sensor,  as  discussed  in  Section  VIII.  The  sun  sensor  is  a simple, 
highly  reliable  device,  which  should  detract  little  from  the  subsystem 
reliability.  With  such  an  accurate  attitude  reference  system,  little 
or  no  search  would  be  required. 

> : I J'Ti.T I M E 0 E UK :H- POWER  MILMMETER-WAVE  AMPJJJil .KR S 

The  dominant  failure  mechanism  in  high-power  millimeter-wave 
amplifiers  (klystrons,  traveling  wave  tubes,  extended  interaction  am- 
plifiers, and  gyrotrons)  should  be  cathode  depletion.  This  need  not 
be  a frequency-dependent  phenomenon;  the  cathode  area  must  be  made 
large  enough  so  that  the  cathode  temperature  does  not  have  to  be  raised 
to  Increase  the  emission  current  density  in  lilgher  frequencv  tubes.  A 
higher-convergence  electron  gtin  or  a tube  whose  cross  section  does  not 
sc.tle  with  frequencv,  e.g.,  the  gvrotron  traveling  wave  amplifier,  al- 
ters the  conventional  re  lal  ionsli  ip  between  lifetime  tand  pv'wer  output! 
and  frequencv.  NASA's  .'i  r , .•'.'.c  ^ ^ makes  no 

alU'wance  for  t lu'Si'  alternatives.  It  I'ri'dicts  t liat  t lu'  lifetinu'  ot 
future  10(!  W tubes  will  t .i  11  from  a value  of  d.d  vr  fv'r  t ri'quenc  i I's  in 
the  2 to  10  Gil/  rangi'  to  abinit  I yr  at  Ps  till/  b.isi'd  on  simple  fti-queucs 
scaling.  Oi'sigiu'rs  of  such  devices  belii-ve  that  long  lilet  iitu's  c.in  bi' 
achievi'd  indtqu'iident  of  frequi-ncy.  We  ci'ncludt'  th.it  '>  to  1(1  vr  life- 
times should  be  .leh  i ev.ib  1 »'  .if  10,  t<’  100  W powt'r  levels  throughout  t he 
mill  inu't  I'r-w.ive  b.ind. 

As  .in  example,  note  that  an  Extended  Interaction  Amplifier  (Kl.A! 
klystron  is  guaranteed  to  have  a lifetime  of  1000  hr.  However,  actu.il 


For  practical  purposes,  the  lifetime  of  space  tubi's  is  def  Ineil  .is 
the  time  required  for  a 3 dB  fall-off  in  power  output  below  the  nomin.il 
or  rated  v.ilue. 

+ 

Prlv.ite  ci'mmun ic.it  ion  with  personnel  friim  Vari.in  of  G.inada  and 
Hughes  Research  l.abor.itorles. 
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lifetlmes  are  expected  to  ranjte  from  SOOO  to  15,000  hr,  since  opera- 

* 

t Ion  In  excess  of  bOOO  hr  has  already  been  demonstrated. 


l.IFKTIMK  OF  DRIVK  TRAINS  FOR  SATK1.LITK  ANTKNNAS  ' 

When  geostationary  orbits  are  abandoned  in  favor  of  Inclined  orbits 
to  avoid  operation  at  low  user  elevation  angles,  the  satellite  antennas 
must  be  driven  continuously  to  track  the  user.  This  situation  Is  quite 
analogous  to  the  case  of  spin-stabilized  satellites  with  "de-spun"  an- 
tennas. While  DSCS  II,  which  employed  such  an  arrangement.  iMUount ered 
bearing  problems.  It  Is  believed  that  the  difficulties  cau  be  resolved, 
as  evidenced  by  the  success  In  this  regard  of  INTKh.SATs  III  and  IV. 

lUB  n j_n 

The  large  investment  In  I'HF  and  SHF  communications  satellites  and 
terminals  Is  likely  to  dictate  that  future  systems  In  new  frequency 
bands  provide  some  cross-connect  Ions  to  the  earlier  bands.  Differences 
In  the  sizes  of  the  user  platforms  lead  to  dlfferenci's  in  antenna  di- 
ameters and  thus  In  data  rates.  Differences  in  mission  mav  be  reflected 
In  substantial  differences  In  the  required  data  rate  and  the  degree  of 
covertness  and  resistance  to  interference  (friendly  or  unfriendlyl. 
Processing  onboard  the  satellite,  l.e.,  the  "swl tch..oard  In  the  skv" 
concept.  Is  a means  of  coping  with  differences  In  carrier  frequenev, 
data  late,  tvpe  of  modulation,  error  correction  coding  and  encrvpt  h’n , 
.»nd  temporarv  overloads  or  outages.  If  oue  wishes  to  avoid  isolation 
between  the  varliuis  classes  of  users  within  each  Service  and  between 
the  Services,  there  Is  a need  for  Interoperability.  Onboard  process- 
ing Is  .t  means  of  providing  for  such  Interoperability. 

Accommodat Ion  Just  to  the  Introduction  of  a new  frequency  band — 
Isolated  from  all  other  changes — wtuild  be  relatlvelv  simple.  Kven  the 
earliest  commun I cat  1 ons  satellites  (repeaters  which  provided  a rela- 
tlvelv transparent  channel  to  the  users)  provided  a shift  between  the 
up  and  downlink  frequencies.  Accommodat Ion  to  large  differences  In 
data  rate  and  tvpe  of  modulation,  however.  Involves  nuich  more  compU'x 
onboard  processing  than  a mere  frequency  translation.  Demodvilat ion 


Prlv.ate  communication  with  personnel  from  Varlan  of  Canada. 
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aiui  romodulat  loij  In  the  satellite  was  Inappropriate  In  early  c-onimunl- 
oatlons  satellites;  the  general  recommendations  in  1960  were  to  avoid 
it.  The  l.ES-8  and  -9  satellites,  however,  have  recently  demonstrated 
the  t'easiblllty  of  onboard  demodulation  and  remodulation,  and  It  Is 
likely  to  become  commonplace  In  the  1980s.  The  trend  In  the  INTELSAT 
commercial  satellites  has  been  to  maximize  capiiclty  oer  satellite  and 
to  simplify  connectivity  by  concentrating  all  users  within  a single 
regional  satellite  beam.  Economic  factors  are  likely  to  continue  to 
force  military  satellites  In  the  same  direction — toward  larger,  multi- 
purpose, multi-frequency  satellites.  At  some  point,  the  use  of  a satel- 
1 Ite-to-satel 1 Ite  link  becomes  attractive.  Beyond  this  point,  these 
economic  factors  no  longer  apply. 

With  .in  onboard  Information  processor,  tlie  satellite  can  dynam- 
ically reallocate  its  resources  to  maximize  overall  system  efficiency. 
Uplinks  and  d.'wnlinks  can  be  decoupled  so  that  each  can  be  optimized 
independently.  Dynamic  variation  in  user  data  rate  (separately  for 
each  user),  with  onboard  storage  when  necessary,  rapidly  changing 
connectivity,  and  allocation  of  power  output  level  on  a per  link  basts 
as  needed,  can  greatly  improve  overall  system  performance.  For  a des- 
cription of  some  types  of  processing,  applications,  the  current  status, 
and  possible  future  developments,  see  Ref.  67. 
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XI . OAl’S  IN  TKOHNOUHjY 

Ttu*  tromls  in  subsystom  technolony  wen*  liisoussoJ  In  prt'viinis 
sections  of  this  report.  Some  important  gaps  relative  to  operation 
in  the  20  to  100  OHz  region  are  worth  noting: 

• Lens  antennas  of  approximately  earth  coverage  are  needed 
for  tile  reception  of  acquisition  signals  .it  the  satel- 
lite. 

• Lightweight  antennas  which  have  very  low  sldelobes  and 
which,  together  with  their  drive  svstems,  can  be  stacked 
comp.ictly  in  a launch  vehicle  are  needed.  These  .intennas 
might  be  shielded  paraboloids,  fed  by  conical  hi'>rns.  A 
separate  receiver  and  transmitter  are  assumed  to  be 
mounted  on  the  structural  support  of  each  .intenna. 

• Space-qualified  packaged  amplifiers  are  needed  with  out- 
put power  levels  of  from  S to  500  W,  efficiencies  of  25 
to  50  percent,  and  20  to  10  dB  gain. 

• Efficient  broadband,  solid  state  drivers  for  the  fin.il 
.implifiers  are  needed  at  about  the  O.l  to  1 W level. 

No  detailed  description  of  these  gaps  is  practical  at  this  time 
in  the  .ibsence  of  a specific  system  concept,  program  plan,  or  selec- 
tion of  a particular  frequency  band;  these  are  all  obviously  closely 
Interrelated. 
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XII.  CONCLUSIONS 


The  feasibility  of  employing  frequencies  ranging  from  21.2  GHz  to 
265  GHz  for  earth-satellite  communications  has  been  examined.  As  a 
basis  for  estimating  link  performance,  a model  has  been  evolved  which 
estimates  the  statistical  distribution  of  signal  attenuation,  skv  in>ise 
t empiT.'i  t lire . and  total  system  per  form.ince  degr.uiat  ion  arising  from  atmos- 
pheric components  sucli  as  Inimidity,  clouds,  and  rain,  at  selected  fre- 
quencies in  each  of  six  atmospheric  windows.  The  six  frequencies  are: 
21.2,  31,  48,  101,  152,  and  265  GHz.  The  following  conclusions  have 
been  reached: 

Communicat ions  link  performance  generally  compatible  with  the  needs 

of  small  mobile  users  can  be  obtained  in  the  windows  of  the  millimeter- 

wave  band  with  very  small  (10  cm  diameter)  terminal  antennas.  In  one 

case,  these  were  used  in  conlunction  with  4.4-m  diameter  sati*llite  an-» 

teiinas  (the  largest  size  antenna  compatible  with  the  space  shuttle  with- 

* 

out  folding,  unfurling,  or  extending).  .Assuming  typical  values  for  the 
other  link  parameters,  a data  rate  of  10^  bps  (sufficient  to  provide  a 
16  kbps  voice  channel  to  each  of  60  TDMA  users)  can  be  transmitted  over 
a downlink  to  a receiver  in  a relatively  high  rainfall  are.-’  (Washington, 
n.C.)  with  an  estimated  avail.-ibllitv  (freedom  from  weather  outages), 
averaged  over  a year,  which  ranges  from  98.7  percent  at  21.2  GHz  to  89 
percent  at  265  GHz  (see  Fig.  10).  If  users  are  separated  hv  10  to  30 
km  or  more  (so  that  heavy  raincells  are  uncorrelated),  the  availability 
figures  can  be  interpreted  as  meaning  that  89  to  98.7  percent  of  the 
users  can  be  communicated  with  at  any  time.  These  small  (10  cm  diameter) 
termin.al  antennas  h.ave  broad  beams,  which  greatly  simplifies  the  problems 
of  incorporating  a directional  .antenna  into  a small  mobile  platform. 

Wlde-band  data  relay  users  can  also  obtain  performance  compatible 
with  their  needs  in  this  frequency  region.  As  an  extreme  case  for  this 
c.itegory  of  user,  we  assumed  a 10  m terminal  antenna  diameter.  The  per- 
formance of  this  terminal  was  examined  in  conjunction  with  1-m  di.ameter 

Satellite  transmitted  power  = 10  W,  F.|,/Nq  = 10,  margin  = 8 dR, 
satellite  altitude  = 30,000  n mi,  uncooled  amplifier,  and  elevation 
angle  (at  the  user)  > 30  deg. 
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s.'itolllto  iintonnas.  Thus,  assuming  tho  samo  valuos  as  boforo  for  the 
other  par.unetors,  a data  rate  of  10*^  bps  can  be  obtained  with  avail- 
abilities ranging  from  99.7  percent  at  21.2  CHz  to  91  percent  at  265 
OHz.  With  a 17“K  receiver.  In  conjunction  wltli  a better  quality  modem 
(bj^/No  of  5 dB) , a data  rate  of  lO'’  bps  can  be  obtained  with  an  esti- 
mated availability  which  ranges  from  99.5  percent  at  21.2  (Olz  to  9A 
per<'ent  at  265  (JHz  (see  Klg.  15). 

Link  performance  degrades  rapidly  as  the  elevation  angle  Is  de- 
creased below  30  ileg,  especially  at  the  higher  frequencies.  Thus,  In 
a typical  case  (Klg.  14)  it  was  found  tliat,  with  an  availability  of  98 
percent,  the  estlimited  data  rate  at  30  deg  elevation  exceeds  th.at  at 
10  deg  elevation  bv  a factor  which  ranges  from  4 .at  21.2  GHz  to  3000 
.at  265  GHz.  It  is  concluded  that  the  higher  the  frequency,  the  more 
Import.ant  It  Is  to  .avoid  elevation  angles  bel<'w  30  deg. 

If  the  wiilth  of  the  beam  footprint  on  earth  Is  held  constant,  the 
assocl.ated  s.ati'lllte  .antenna  diameter  decre.ases  with  Incre.aslng  fre- 
quency; p«‘rfoiaii.ance  in  this  case  degrades  more  r.apldlv  with  frequency 
th.an  wlu-n  the  s.atelllte  antenna  diameter  Is  lu'ld  const.ant  (Klg.  15). 

This  il  1 s.advaut  age  Is,  however,  counteracted  bv  the  adv.ant.agt*  th.at  .a 
Larger  number  of  .lutt-nnas  can  he  mounted  In  the  s.ame  tot. a I .aperture  when 
higher  freciueucies  .are  emploved.  This  can  be  effect  Ivi-  when  coping  with 
.a  l.argt'  number  of  wldi'lv  dispersed  small  mi'blle  users. 

Table  16  (from  Klg.  15)  Illustrates  the  sltuatL’ii  for  the  sm.a  1 1 
mobll«*  user.  It  .assumi's  .a  user  at  30  deg  elevation  with  .a  constant 
fo<it print  width  of  123  n ml. 

Table  16 

IX1WNI.1NK  rK.RKORMANGK.  Wi  lli  A CONSTANT  KOOTl’RTNT  WTOTH  OK  123  N Ml 
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till'  pri'bal' i I i t V ol'  tlu'ro  boiiip,  auo  sati'llito  In  vifw  abi>vt>  30  I'lo- 
vat  inn  is  48.7  porcont,  avnrap.L'ii  nvor  t Imn  and  nvor  tlio  entlro  snrt  act* 
ot  tiu*  cartti.  it  Is  estimated  that  ttiere  will  be  one  satellite  in  view 
100  percent  el  the  lime  at  elevations  only  slly;hllv  below  30  de>;.  More- 
over, the  probability  that  a ralnsti'rm  would  coineiiie  with  the  absence 
i>l  a satellite  above  10  dep.  Is  (piite  low.  ‘I'he  elevation  anple  statis- 
tics ti'f  a number  v’t  other  constellations  are  examined  in  Section  V. 

The  narrow  bi*am  footprints  obtained  at  higher  fretpieneies  pre.it  ly 
t.icilltate  the  reji'ctltni  of  stronp  Interferlnp  sources  displaced  from 
tin*  termin.il  loi'ation.  Thus,  for  example,  the  footprint  obtained  from 
.1  satellite  .it  an  altitude  of  10,000  n mi  with  .i  ^i.4-m  di.imeter  .inti'nn.i 
is  only  10  n mi  wide  at  lOt)  OHz,  and  still  less  at  hipher  frequencies 
(Kip.  1)  . fills  penults  reji'ctlon  of  slronp  interfi'rinp  sipn.ils  from 
Si'iirci's  loi'.iti'd  100  n ml  .away.  fhis  effect  does  not  v.iry  preatly  with 
look  .niple  bec.inse  the  footprint  .area  incre.ast's  by  only  a factor  of 
•ibi'iit  iwi'  as  tile  elevation  .anpli*  decre.ases  from  40  dep  (ov«*rlu'.ui)  to 
10  dep  1 1' ip. 

The  point  inp  .and  tr.ackinp  problems  of  the  sm.all  moblli*  teiaiiinals 
.ire  pre.it  Iv  simplified  by  the  10-cm  diameter  anti'iinas  postulated  above. 
This  is  bei’.inse  the  associated  beams  are  relatively  broad,  ranplnp  from 
0.82  ilep  at  2111  (111?,  to  10.3  di>p  at  21.2  OHz.  I'he  required  polntinp  and 
tr.ackinp  .iccnr.ac  ies  .are  thus  reduced  and  easy  to  obtain  because  the  mass 
I'f  the  antenna  is  small  as  well. 

The  point inp  and  tracklnp  accuracy  requirements  of  the  wide-hand 
il.ita  rel.iv  users  will  be  lilph  at  the  hipher  frequencies,  but  these  re- 
i)nirements  are  well  within  present  technolopy.  Ast  ronomlc.al  radio  tele- 
scopes have  alre.adv  demonstrated  polntinp  accuracies  more  than  ten  t inu's 
better  than  needed  for  the  larpest  .intennas  considered  here.  Simil.irlv, 
tracklnp  slunild  he  mi  problem  because  r.adars  already  track  to  well  under 
one-hundredth  of  .1  be.imwldth  when  adequ.-ite  slpnal-to-nolse  ratio  is  .-ivail- 
.ib  1 e . 

S.itelllte  motion  h.is  .i  nepllplble  effect  on  the  tracklnp  capability 
r»*qulred  of  elth»*r  a stationary  or  a mobile  user.  The  roll  rate  of  a 
ship  is  200  to  lOO  times  the  maximum  anpiil.ar  rate  (overhead)  of  the  line 
of  .sipht  for  anv  satellite  orbit  considered.  The  anpular  rates  of  pround 
vehicles  and  aircraft  would  be  even  hipher  than  that  of  ships.  Thus, 


I 
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tracklnx  rates  are  dominated  hy  the  motion  of  the  user  platform  due  to 
ehannes  In  user  attitude  or  earth  rotation  (for  stationary  terminals). 

I’olntlnjt  and  tracking  of  the  satellite  bt*am  should  present  no  prob- 
lem at  higher  frequencies,  despite  the  narrow  beams  Involved  (0.019  to 
0.214  deg  for  a 4.4-m  diameter  satellite  antenna).  While  the  cost  of 
a relatlvelv  coarse  (0.1  to  0.1  deg)  long-life  attitude  stabilization 
system  Is  high  (abi>ut  $800,000),  the  Incremental  cost  of  a sun  sensor 
to  Improve  the  performance  by  an  order  of  magnitude  Is  only  .about  10 
percent.  Attitude  reference  systems  whose  performani'e  exceeds  that 
required  here  by  an  order  of  m.ignltude  have  already  bei-n  utilized  In 
space,  and  a system  Is  under  development  with  much  higher  jiredlcted 
•ici'ur.acy  at  a prolect«‘d  cost  no  greater  th.':a  that  of  present  rel.atlvely 
coarse  systems. 

Ose  of  small  terminal  antennas  (abinit  10  cm  in  diameter)  and  mini- 
mum elevation  .ingles  exceeding  10  deg  permits  their  use  on  smaller 
mi'blle  user  platforms  than  are  presently  contempl.ated  for  SHF  terminals. 
Obstruction  of  the  beam  by  other  components  on  the  iilatform,  whether 
ship  or  ground  vehicle,  can  be  avoided  due  to  the  small  antenna  size 
and  high  elev.illon  angle  (and  associated  flexibility  In  antenna  place- 
ment). Vlth  .lircr.ift  platforms,  the  r.idomt*  i-oiild  be  a conform.il  wiinlow. 

A 40  cm  wiiulow  peimlts  oper.it  ion  down  to  10  deg  eli'vation  while  avoiding 
projecting  radome  problems  such  as  drag  .ind  rain  erosion.  The  size  of 
the  ciMiformal  raili’me  Is  ri'latlvely  Insensitive  to  fri'qiiencv  (see  Fig.  10). 

M.inv  tube  t vpes  m.iv  be  c.ip.ible  of  svipplving  useful  power  levels  .it 
millimeter  w.ivelengths.  b.indwldth,  power  level,  efficiency  and  gain, 
as  well  as  llfi'tlme  ,ind  rel  i.ib  1 1 1 1 y , are  the  kev  par.imeters  affei-tiiig 
the  clu'U'e.  Somi'  of  these  tube  tvpes  are:  extended  inter.ictlon  klystri'n 
ampllfli*rs  (FI  As),  ubltron  (undulating  be.im  Inter.ict  ions)  tubes,  cinipled- 
cavlty  TWTs , ami  gvrotron  t r.ive  1 1 ng-w.ive  amplifiers.  Fi'wer  levi'ls  as 
high  as  10  kW  OW  .it  100  ('.Hz  mav  prove  feasible,  a 1 1 luuigh  l.iboratorv  units 
h.ive  only  ilemonst  r.it  ed  12  kW  .it  100  tlHz  so  f.ir. 

The  weight,  size,  .and  pi'wer  reipi  1 rement  s ot  higher  frequency  ci'mmu- 
nlc.it  Ions  systems,  aiul  heiuM*  their  ci'mpat  Ibl  1 1 1 v with  the  user  pl.it  forms, 
depend  largely  •on  the  efficiency  of  the  power  output  amplltlers  at  higher 
frequencies.  A f.il  1-off  of  efflciem’y  with  increasing  frequency  I'ccurs 
for  each  tube  type,  but  the  rate  of  decre.ise  is  slow.  Me.isures  c.in  be 
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taken  to  offset  this  and  a change  of  tube  type  can  restore  high  effi- 
ciency at  the  higher  frequency  (see  Fig.  31).  Thus,  the  transmitter 
weight  and  prime  power  requirements  need  not  Increase  with  frequency. 

No  basic  limitation  seems  to  exist  that  would  prevent  the  fabri- 
cation of  low-ins'-  -adomes  for  ground  vehicle,  shipboard,  and  airborne 
use  up  to  300  ('.Hz.  Thus,  a random  triangular-panel  radome  exhibits  a 
transmission  loss  of  0.5  dB  over  any  selected  pass  band  out  to  325  GHz. 
Both  the  location  and  the  width  of  the  pass  band  are  selected  by  proper 
choice  of  radome  thickness.  The  shift  In  boreslght  Introduced  by  the 
radome  Is  less  than  0.0006  deg. 

Multi-beam  antennas  such  as  phased  arrays,  reflectors,  and  lenses 
were  examined.  Phased  arrays  are  too  heavy  and  too  costly  In  the 
ml 1 1 Imeter-wave  band  to  be  considered  at  all.  The  other  approaches 
tend  to  result  In  high  sldelobe  levels,  which  limits  the  data  rate  In 
the  presence  of  Interference.  The  Interfering  sources  can  be  rejected 
by  adaptive  pattern  antennas  (null-forming)  and  by  signal  cancellation. 
Alternatively,  use  of  a conical  horn-fed,  shielded  parabolic  .-inttMina 
(single  beam)  can  produce  far-out  sldelobes  which  are  80  dB  below  tlie 
peak  of  the  main  beam  (for  main  beam  gains  In  excess  of  40  dB) . 


Appendix 

THE  SHAPE  AND  SIZE  OF  THE  BEAM  FOOTPRINT  ON  THE  EARTH 


W.  Sollfrey 


The  satellite  communications  antenna  produces  a pencil  beam  which 
illuminates  some  region  on  the  ground.  The  details  of  the  illuminated 
region  depend  on  the  satellite  altitude,  the  antenna  beamwidth,  and 
the  angle  between  the  becim  direction  and  the  subsatellite  vertical. 

We  shall  calculate  the  shape  and  size  of  the  spot  under  the  assumptions 
that  the  antenna  beamwidth  is  small  and  that  the  beam  does  not  inter- 
sect the  horizon.  The  results  for  the  spot  diameters  and  area  will  be 
given  to  the  fourth  powers  of  the  beamwidth. 

The  configuration  is  shown  in  Fig.  A.l.  The  satellite  is  at  the 
point  S at  the  altitude  H.  The  center  of  the  beam  is  directed  at  the 
point  P,  with  the  beam  making  an  angle  P with  the  vertical.  The  ground 
angle  from  the  subsatellite  point  to  P is  0,  and  the  elevation  angle  of 
the  line  of  sight  P>S  is  a.  The  beamwidth  to  the  half-power  point  is 
6 (note  this  is  half  the  more  conventional  beamwidth  between  half-power 
points).  The  point  Q is  a representative  point  on  the  edge  of  the  inter- 
section between  the  beam,  taken  as  a cone  of  semiangle  6,  and  the  sur- 
face of  the  earth. 

We  use  rectangular  coordinates,  x,  y,  z,  with  the  z-axis  along 
0-^S  and  the  point  P in  the  x-z  plane,  and  also  spherical  coordinates, 
p,  <J>,  with  the  pole  along  the  z-axis  and  the  point  P as  the  longi- 
tude reference.  At  the  point  S,  we  have  x=y=0,  z=R+H;atP, 

X » R sin  0,  y » 0,  z * R cos  0;  and  at  Q,  x * R sin  cos  4’*  Y “ 

R sin  sin  i|>,  z • R cos  4).  The  range  from  P or  Q to  S is: 


r^.R^ 

+ 

+ h) 

- 2R 

(» 

■F  h) 

cos  0 

(A. la) 

s2-r2 

+ 

(R 

+ h' 

- 2R 

(« 

+ h) 

cos  4;  . 

(A. lb) 

The  unit  vector  from  P to  S is: 

Ip  - [-  R sin  0 + (r  + H - R cos  . 


(A. 2) 
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and  the  unit  vector  from  Q to  S is 

1,  * - 1 R sin  iji  cos  - f R sin  ill  sin  I 

Q L X y 

+ (r  + H - R cos  i|')j^s  . ( 

The  condition  that  Q is  on  the  beam  half-power  cone  is: 

l„  • i , = cos  i*!  ( 

P Q 

2 

” R sin  0 sin  4'  cos  4* 

+ (r  + H - R cos  oj  ^R  + H - R cos  ij'  )]A«  • ( 

This  expressl<>n  may  be  simplified  by  expressing  It  In  terms  of  tlie 
angles  t'  and  t,,  respectively  the  angles  from  the  vertical  of  the  lines 
P and  tV»S.  The  result  is: 

cos  • cos  P cos  i.  + sin  \>  sin  cos  I . ( 

The  colatitude  ip  is  related  to  the  angle  f.  by: 


(A.  i) 


(A. 4a) 


(A. 4b) 


(A.S) 


(A.b) 


We  see  from  F.q . (A.  5)  that  the  maximum  excursion  of  f.  from  i'  is 
+ which  occurs  at  41  = 0.  It  follows  that  the  length  of  the  illumi- 
nated spot  along  the  meridian  connecting  P and  the  subsatolllte  point 


R L,.-'  . t "A 


- sin 


-I  / (R  + H)  sin  (t^  - 


)-”  • 


(A.  7) 


The  law  of  sines  applied  to  tlie  triangle  ii‘P‘S  permits  us  to  express 
the  angle  d in  terms  of  the  angle  a by: 

s in  1'  « R cos  a ^|r  -i-  H j . (A.  8) 

Kquatlon  (A,  7)  mav  be  expanded  in  powers  of  4!.  The  evi'u  powers  cancel, 
and  it  may  be  sliown  after  extensive  manipulation  (hat  : 


t 
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^ 2 r 6 H (2  R -f  H)(l  2 cos"  a)  } (R  -f  H)^  - 


n2  2 

R cos 


sin  a 


R^  sin^ 


(A. 9) 


The  derivation  of  the  perpendicular  diameter  is  somewhat  more 
complicated.  We  Introduce  an  angle  o,  which  is  an  azimuthal  angle  in 
the  tangent  plane  at  the  point  P,  referenced  to  the  meridian  line. 

In  terras  of  o,  F,q.  (A. 5)  is  parametrized  by: 

cos  C « cos  R cos  (5  - sin  P sin  6 cos  o (A,  10a) 

sin  C,  cos  41  » sin  B cos  5 + cos  P sin  f<  cos  0 . (A.lOh) 


The  curve  defined  by  Eq.  (A. 5)  is  covered  by  0 ^ o ^ 2tt.  To  third  order 
in  6,  the  variables  ^ and  4>  are  given  by: 


P + 6 cos  a + 


2 2 
I?  cos  P sin 

2 sin  P 


^3 


+ 2 cos  P)  cos  g sin 


(A.lla) 


6 sin  P 


4>  ■ 


sin  o 
sin  P 


(5  - 


1.^  cos  P cos  g 
sin  P 


3 2 

6 (cos  o 


2 2 2 
cos  P + 3 cos  P cos e) 


3 sin  P 


(A. 11b) 


in  which  it  has  been  assumed  that  we  are  not  near  the  subsatellite  point, 
so  the  longitudinal  width  is  small. 

The  point  Q is  at  the  lateral  distance  from  the  meridian  along  the 
spherical  surface: 

q = R 4 sin  41  . (A.  I 2) 

When  the  expansion  of  Eq.  (A.lla)  is  substituted  into  Eq.  (A.b)  for  4’. 
the  expansion  of  Eq.  (A. lib)  is  Inserted  into  Eq.  (A. 12),  and  the  angle 
P is  eliminated  using  Eq.  (A. 8),  the  eventual  reduced  expression  is: 


r iS  sin  o 


, . . cos  a cos  o . .2 

1 + j + 6 

sin  a 


1 (R  9-  H)  ^ - R ^ cos"  a{^ 
2 R sin  a 


^ H (2  R H)  cos^  n cos*'  o 
2 r R sin^  a 


2 2 2 2 
R cos  a - (R  9-  H)  sin 

2 *2 
6 R cos  o 


(A. 1 3) 


-115- 


Thls  may  bo  d ( t'foront iated  with  respect  to  o to  find  the  maximum  lateral 
distance  the  curve  extends  from  the  meridian.  The  value  of  o for  which 
tlu'  maximum  occurs  is: 


n . ^ cos  01  . .,rd 

0 * ■;r  + 0 — : + 3 order  terms  , 

o 2 sin  a 


(A. 14) 


and  the  transverse  diameter  of  the  spot  is: 


2 r .S 

1 + 1 

1 . 

2 2 2 1 
(R  + H)  - R cos  a ( 

1 

1 2 R sin  u „ 

, 2 ^ 

^.,22  j 

1 

1 

' 2 

sin  a 

6 R cos  a 1 

[ 

(A. 15) 


If  only  the  first  order  terms  had  been  kept,  the  surface  spot 
would  be  an  ellipse,  with  the  major  axis  along  the  meridian  of  length 
2 r tS/sin  a,  the  minor  axis  of  length  2 r I'i.  This  can  be  seen  directly 
from  Fig,  A.l.  If  the  beamwidth  is  small  enough  that  the  diameters  of 
the  spot  are  small  compared  to  the  radius  of  the  earth,  then  the  spot 
is  the  intersection  of  an  inclined  plane  with  the  conical  beam,  yield- 
ing an  ellipse  of  appropriate  size  and  shape.  The  third  order  correc- 
tions to  the  diameters  are  usually  fairly  small. 

The  illuminated  area  is  given  by  the  formula: 


A = 


(A. lb) 


where  the  limits  are  the  extreme  values  of  the  colatitude  ij',  and  the 
longitude  is  to  be  expressed  in  terms  of  the  colatitude  via  Eq . (A. 4b). 
Integrate  by  parts,  use  the  fact  that  the  longitude  vanishes  at  the 
extremes,  and  change  to  o as  the  independent  variable.  The  result 
is: 

n 

A » 2 f cos  ^ do.  (A.  17) 

J do 

o 

Express  cos  iji  in  terms  of  C from  Eq.  (A. 6),  then  use  the  expansions  of 
Eqs.  (A. 11a)  and  (A. 11b).  Since  the  mean  value  of  d i)/d  o is  zero,  the 
expansions  are  accurate  enough  to  give  the  area  to  fourth  order  in  iS. 

After  very  tedious  calculations,  the  result  is: 


ri\i'  l irst  ti'Mii  is  t tu'  .ir«M  ot  tlu'  t'lllpso,  tlu>  sov'iniil  t I'lni  shows  t ho 
ottoot  of  ttu'  distort ioM. 


As  .1  tvplo.il  ox.implo,  t.iko  a satollito  .it  .i  hoi^ht  v'l  Ul.OlHl  ii  mi, 
■iiui  lot  tho  ili.imoti'i'  of  tho  n.iiiir  spot  ho  100  n mi.  'I'hi'ii  5 “ tl.OOS, 
oorrospoiul  lu>;  to  .i  -i-ft  vilsh  .it  U till/.  I'onsldor  .in  olov.it  ton  .inoli' 
ot  10  Thou  tho  two  torms  in  tlu'  moriiilan  vliamoti-r  art'  JJt'.S')  .iiul 

In.lJ,  in  tho  pori'i'nd  ioul.ir  di.imotor  111. -is  .md  O.OJ,  ,ind  in  tho  .iro.i 
.ind  SJ.  t'lo.irlv,  tho  oorroot  ion  torms  .iro  ipiiti’  sm.ill,  .ind  tho 
I ijtiiro  is  onlv  slip,htlv  distortod  fi\'m  .in  oil  ipso.  .\s  lonp,  as  wo  ,iri' 
not  too  oK'so  to  i-lthor  tlu'  hori.’.on  or  tho  suhs.it  o 1 1 i t o pi'int,  tho 
oxprossions  v'f  l\is.  .ind  i.A.ll)  for  tho  vii.imotors  .ind  I'q . (A.18') 

for  tho  .iro.i  will  siif  f io  iont  ly  ohar.iot  or  i /o  tiu'  i 1 1 umlu.it  i-d  ro>tii'n. 
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